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Double vision 


Scientists must ensure that they take the lead in the ethical debate surrounding the therapeutic use 


of stem cells derived from human clones. 


successfully derived stem cells from a cloned human embryo 

raises many questions. Researchers must do their best to answer 
them. If they do not, then they risk a repeat performance of the mis- 
information, confusion and distraction that followed the birth in 
1996 of the first mammalian clone, Dolly the sheep. Nonsense such 
as rumours that Saddam Hussein was going to copy himself, claims 
by the Raélian sect that it had produced a cloned girl named Eve 
and declarations by physicist and entrepreneur Richard Seed that he 
would produce hundreds of thousands of human clones generated 
an environment of fear that distracted from the real debate and set 
back research. 

The reaction to the Oregon team’s success has been predictably 
mixed. Some have lauded the achievement, others have been less 
enthusiastic. “Barbaric,’ wrote one critic. Another called it a “terrible 
injustice”. 

It is true that the research faces ethical controversy on three fronts: 
egg donation, embryo destruction and cloning. The work needs eggs 
to be donated by women, who must undergo a procedure that carries 
risks of complications. If the research ultimately produces promising 
medical therapies, will we see a group of women marshalled to feed 
this therapeutic intervention? The procedure also requires the destruc- 
tion of early-stage embryos, which many oppose, usually on religious 
grounds. And many criticize the fact that the procedure starts down 
the same path as reproductive cloning, suggesting that to advance the 
technology will inevitably result in reproductive cloning of humans. 

These are serious points and they need to be considered. But the 
reality is that, ifanything, the latest research suggests that the chance of 
creating a cloned human is more remote than it seemed two weeks ago. 
No group has put more effort into trying to clone monkeys reproduc- 
tively than the Oregon scientists. Yet after nearly two decades of trying, 
they have yet to succeed. They conclude that their method, optimized 
for producing embryonic stem-cell lines from cloned embryos, prob- 
ably cannot be used for reproductive cloning. 

Still, given the controversy that surrounds this work, some argue 
that researchers should stick to alternatives such as induced pluripo- 
tent stem (iPS) cells. Like cloned stem cells, these offer patient-specific 
cells with embryo-like developmental potential, but crucially they do 
not require egg recruitment, embryo destruction or cloning. Lead- 
ing iPS-cell researchers are now keen to compare these cells with the 
cloned stem cells to help them to evaluate and improve iPS cells. Until 
that work is done, it will be hard to say whether iPS cells are, or can be, 
reprogrammed to function as effectively cloned cells. 

But this research will move slowly, at least in the United States. 
Because production of the cloned cells requires the destruction of 
embryos specifically created for research, US laboratories funded by 
the taxpayer through the National Institutes of Health cannot use the 
technique, nor can they work with the stem cells created by it. Progress 


| ast week’s announcement in Cell that a team in Oregon has 


will depend on the few laboratories with sufficient private funds. 
Whatever the outcome of those investigations, there are some 
clinical applications for which cloned stem cells could be the best 
option. Cloned cells contain the nuclear DNA of whoever is being 
cloned but they also hold the mitochondrial DNA from the egg 
donor, which means that they could be used 


“Armies of to correct defective mitochondrial DNA. 
cloned despots That may pave the way to treatments for 
are the last genetic diseases such as Leber’s hereditary 
thing weneedto _ optic neuropathy. Such applications should 


worry about.” not be hyped. Like any stem-cell therapy, the 
hurdles are high. Is it possible to get func- 
tioning cells to the right place and to make sure that they continue 
to work? Can enough of the cells with faulty mitochondrial DNA be 
replaced by the cloned ones? 

Experiments that follow up on the Oregon team’s advance will be 
especially valuable. If they don't prove that the technique is worth 
the controversy, it will no doubt fall into disuse. If it does prove to 
have therapeutic promise, questions of egg donation will need to be 
re-evaluated. Either way, armies of clones or cloned despots are the 
last thing we need to worry about. m 


Uncertain times 


Budgetary delays exacerbate dire outlook 
for US research. 


known as sequestration, the US Congress seems as petulant 

and ineffectual as ever. There is no end in sight to the national 
economic stalemate driven by Senate Democrats, House Republicans 
and President Barack Obama. Congress has made only a few half- 
hearted and piecemeal attempts to fix some of the sequestration cuts, 
such as loosening restrictions on Federal Aviation Administration 
funds so that air-traffic controllers can get back to work. No such deals 
have been forthcoming for science agencies or research. 

Before sequestration took effect on 1 March, science advocates had 
warned that the cuts would have dire consequences (see Nature 494, 
401-402; 2013). Major agencies such as the National Science Founda- 
tion would issue at least 1,000 fewer grants. Workers for federal agen- 
cies and at national laboratories would be forced to take unpaid leave, 
or even be laid off altogether. An entire generation of young scientists 
would be driven out of the field and into other careers. 

Those grim predictions — or at least some of them — are now 


Nee: three months into the across-the-board budgetary cuts 
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starting to become reality. It is still too early to tell what the final effects 
will be, but major agencies are collecting data on how sequestration is 
affecting their grant recipients. Some are also taking the informal route: 
National Institutes of Health head Francis Collins, for instance, put out 
a Twitter request for stories at #NIHSequesterImpact. Tales flooded in 
of grants cut, delayed or denied altogether, to the point that lab heads 
are hiring fewer staff and delaying purchasing major equipment or 
other supplies. 

Of course, it is hard to know which effects result from the sequestra- 
tion and which are caused by general financial belt-tightening. But 
Washington's inability to reach a budget deal underlies nearly all the 
economic uncertainty plaguing US science agencies today. The last time 
Congress passed a proper budget was for fiscal year 2012, which ended 
last September. Since then, agencies have been operating on temporary, 
unsettled numbers, topped by a roughly 5% slash from sequestration. 
Then Obama was two months late in releasing his proposed budget for 
fiscal year 2014 (see Nature 496, 277-279; 2013). Even seasoned budget 
wonks call the current situation the worst in recent memory. 

As uncertainty swirls around the future, budget sequestration is hit- 
ting science agencies now. Some of the earliest and most drastic cutbacks 
have come in the field of Earth monitoring (see page 419). A small frac- 
tion of the 8,000 national streamflow gauges are being shuttered, because 
the US Geological Survey (USGS) can no longer pay its share of the bills. 
Surveys of western America’s snowpack are also being slashed, elimi- 
nating crucial information about the water supply for many mountain 
states. All this is happening as wildfire season kicks off and as seques- 
tration thins the ranks of federal firefighting teams. Meanwhile, the 


Pavlof volcano in Alaska began erupting on 13 May, even as cutbacks at 
the Alaska Volcano Observatory mean that scheduled maintenance of 
seismic stations at remote volcanoes in the state is not carried out. 
Without seismic monitoring at many of these mountains, the USGS is, 

in essence, blind to some future eruptions. 
Federal managers insist that crucial measurements will continue 
to be made. The National Oceanic and Atmospheric Administration 
(NOAA) plans to impose at least four days 


“Evenseasoned of unpaid leave through the summer. But 
budget wonks officials say that mission-crucial operations 
callthe current will be unaffected. That includes forecast- 
situation the ing severe storms, such as the tornadoes that 
worst in recent swept across much of the nation’s mid-section 
memory.” this week, as well as Atlantic hurricanes for 


which the season begins on 1 June. 

One can only hope that NOAA means it. Weather forecasting is 
expensive because it demands trained personnel. These are the same 
people who are being told to take unpaid leave, then do double duty 
when they return to work. Such incessant cutting can go on for only so 
long before morale suffers. 

Already, programme managers at agencies such as the USGS and 
NASA are taking near-heroic steps to keep funding flowing to monitor- 
ing projects, shuffling money between programmes. But in the process 
they are mortgaging much of their future, by cutting back on savings 
for longer-term expenses such as upgraded computer servers or more 
personnel. Let us hope that Congress relieves the agencies, and soon, 
by getting its budgetary house in order. m 


Shades of grey 


Itis risky to oversimplify science for the sake 
of aclear public-health message. 


ho knows how many New Year's resolutions to diet were 
W stows at birth by Katherine Flegal? A group led by Flegal, 

an epidemiologist at the US National Center for Health Sta- 
tistics in Hyattsville, Maryland, published a paper on 2 January that sug- 
gested that a bit of extra weight may be no bad thing (K. M. Flegal et al. 
J. Am. Med. Assoc. 309, 71-82; 2013). In fact, the study — and the media 
coverage it generated — indicated that people deemed ‘overweight live 
longer than those who could fit into a pair of jeans a size or two smaller. 

As we explore in a News Feature on page 428, the study was not 
the final word on the matter. Opponents have lined up to criticize the 
research and its findings. Walter Willett, chair of the nutrition depart- 
ment at the Harvard School of Public Health in Boston, Massachu- 
setts, told US National Public Radio that “this study is really a pile of 
rubbish, and no one should waste their time reading it”. 

Critics of Flegal and of others who have reported similar findings 
take issue not just with the data used to make the claims, but the dam- 
age they feel that the claims will inflict on public-health efforts. It is 
much easier to gain weight than to lose it, and nobody disputes that 
to gain too much weight — to be obese — is bad for health. To discuss 
publicly results that threaten to undermine the simple message that ‘fat 
is bad’ will confuse doctors and the public, the critics say. 

The debate goes beyond the health effects of weight. Just last week, 
the US Institute of Medicine issued a report that threatens to confuse 
doctors and the public on the issue of how much salt is bad for one’s 
health. Convention holds that too much salt is harmful, and that the 
best approach is to reduce and limit intake as much as possible. Yet 
some studies show that some people can eat too little salt. Low sodium 
intake is also associated with poorer health in groups such as the over 
50s and those with diabetes. However, too much salt remains bad for 
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health, the report said, as it increases the risk of heart disease. The 
simple message on salt, unfortunately, is that it can be good or bad for 
people, depending on who they are. 

The political mantra on public-health advice is clear: don't send mixed 
messages. The media and those who get their information from the 
media prefer things in black and white: red wine is good for you; choco- 
late is bad for you. But, of course, science does not deal in black and 
white, hence the common criticism that scientists cannot make up their 
minds. One week, one group argues that extreme exercise is positive for 
health; the next week, a different set of researchers says the opposite. 

Scientists like to believe that they can operate in shades of grey. 
But simple messages and themes are seductive. In the public-health 
and nutrition fields, the idea that excess weight might benefit health 
is called the ‘obesity paradox’ despite the fact that it does not focus 
on obesity, which everyone agrees is bad, and so is not a paradox. 
The ‘mildly overweight paradox, presumably, sends mixed messages. 
When Willett dismissed the Flegal study as a “pile of rubbish” there 
were no shades of grey evident. 

The problem with simple messages and black-and-white statements 
is that they tend to be absolutes and so the easiest to falsify. The line that 
the science of global warming is ‘settled’ must have seemed like a good 
idea at the time, and when taken to refer to the narrowest of scientific 
questions it is correct, but it was (fairly) interpreted as insistence that 
no queries remained. Even legitimate debates on outstanding issues 
— climate sensitivity, say — can now be painted as unsettling not just 
to the scientific position, but also to the policy response it demands. 

It is easy to see why those who spend their lives trying to promote 
the health of others gnash their teeth when they see complex findings 
whittled down to a sharp point and used to puncture their message. 
It is more difficult, from a scientific perspective, to agree that these 
findings should not be published and discussed openly, warts and all, 
purely because they blend uncertainty into a simple mantra. Make 
things as simple as possible, Einstein said, but 
no simpler. And simple, black-and-white mes- 
sages can cause confusion of their own. All 
things in moderation — and that should include 
the language we use. m 
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WORLD VIEW jerniicor sen 


hat do you get when you cross science hype with consery- 
Wi politics? The answer is the High Quality Research 

Act, a draft bill that would require the director of the 
US National Science Foundation (NSF) to certify the quality of every 
science project that the agency funds with its roughly US$5.6-billion 
research budget. 

The proposed legislation was drawn up last month by Lamar Smith 
(Republican, Texas), the new chairman of the House of Representa- 
tives Committee on Science, Space, and Technology. He says it will 
help to “ensure that taxpayer-funded research projects are of high 
quality and benefit the American people”. 

Leaders of the US science community have a different view: they 
believe that the bill is an inappropriate and partisan intrusion of poli- 
tics into science. The American Association for the Advancement of 
Science's ScienceInsider website portrayed the 
draft legislation as “the latest—and bluntest— 
attack on NSF by congressional Republicans’, 
while explaining that the bill “would replace peer 
review at the [NSF] with a set of funding criteria 
chosen by Congress”. Similar objections were 
voiced in letters sent to Smith by various former 
NSF officials and in statements by President 
Barack Obama’ science adviser, John Holdren. 

Actually, the bill doesn’t say or imply anything 
at all about replacing peer review. It doesn't give 
Congress new powers over the NSF, nor does it 
impose on the NSF any new responsibilities. Yes, 
it requires that the NSF director “certifies” that 
projects funded by the agency are “in the inter- 
ests of the United States to advance the national 
health, prosperity, or welfare’, that the research “is of the finest quality, 
is ground breaking” and so on. But these vague requirements merely 
rearticulate the same promises that scientists and government agencies 
use all the time to justify their existence. Indeed, the NSF’s own pro- 
posal review guidelines say that all NSF-funded science should have 
the potential to “benefit society or advance desired societal outcomes” 
and “have the potential to advance, if not transform, the frontiers of 
knowledge”. So the bill seems mostly to be asking the NSF director to 
certify that the NSF is doing what the NSF says it already does. 

In other words, it’s not a very good bill, but neither is it much ofa 
threat. In fact, it's just the latest skirmish in a long-running battle for 
political control over publicly funded science — one fought since at 
least 1947, when President Truman vetoed the first bill to create the NSF 
because it didn’t include strong enough lines of political accountability. 

The core argument of the scientific commu- 


nity and its leaders has always been that they NATURE.COM 
are perfectly capable of ensuring accountabil- _ Discuss this article 
ity themselves, thank you. After all, the out- _ onlineat: 


comes of basic research are unpredictable and _go.nature.com/Sfmlg9 


HYPE 
IS FINE 
UNTIL PEOPLE 
START TO 


BELIEVE 


IN IT. 


Pure hype of pure 
research helps no one 


Congressman Lamar Smith hopes to ‘improve’ peer review by adding a layer of 
accountability, but his bill aims at imaginary ideals, argues Daniel Sarewitz. 


therefore politicians need only pour in the money and stand aside as 
the scientists make the world a better place. 

This simplistic and self-serving myth was trotted out yet again in an 
8 May letter from former NSF officials to Smith, which explained that the 
“history of science and technology has shown that truly basic research 
often yields breakthroughs ... but that it is impossible to predict which 
projects (and which fields) will do that... Over the years, federal funding 
of basic research, using peer review evaluation, has led to vast improve- 
ments in health care, national security, and economic development.” 

Smith seems to believe all of this. Conservative politicians are typi- 
cally loyal supporters of basic science because they recognize that it is 
one domain that does not provide sufficient incentives for private sec- 
tor investment, so government must play a part. What Smith is doing 
is reminding the scientific community about Congress's authority to 
establish broad research spending priorities in 
the context of the ongoing budget gridlock, and 
he is reminding the NSF about its accountability 
to his committee: “The draft bill maintains the 
current peer review process and improves on it 
by adding a layer of accountability.” 

So the problem here isn’t that Smith doesn't 
understand what the scientific community is 
saying, it’s that after more than 60 years of hype 
about unpredictability and the inevitable benefits 
of pure science, he and other conservatives seem 
to understand and believe it all too deeply. Thus 
it’s no surprise that when budgets are tight and 
progress towards achieving many goals — from 
curing cancer to revitalizing the nation’s manu- 
facturing base — is a lot slower than promised, a 
new conservative chairman would seek to make his mark by trying to 
make things run better. The grave danger here is not that he is going to 
interfere with peer review but that he will discover that the real world 
of science — in which progress is often halting and incremental, a lot 
of research isn’t particularly innovative or valuable, and institutional 
arrangements are often more important than peer review or serendip- 
ity for determining the social value of science — doesn't match very 
well to the world on which he has been sold. 

As of now, Smith’s bill has not been formally introduced for con- 
gressional consideration, and perhaps it is best understood as a shot 
across the science community's bow. But with years of budgetary stress 
ahead, the science community needs to be much more assertive in 
articulating a vision for science that doesn’t depend on continually 
rising budgets and isn't defended by resort to some mythical ideal of 
pure research. Hype is fine until people start to believe in it. m 


Daniel Sarewitz is co-director of the Consortium for Science, Policy and 
Outcomes at Arizona State University and is based in Washington DC. 
e-mail: daniel.sarewitz@asu.edu 
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RESEARCH HIGHLIGHTS 


A poor man’s 
hologram 


Three-dimensional films have 
been a hit at the box office, but 
making them requires pricey 
equipment. Baoqing Sun at 
the University of Glasgow, UK, 
and his colleagues propose a 
simpler alternative. Instead 

of using cameras or lasers to 
achieve a three-dimensional 
(3D) effect, they illuminate 

an object with a rapidly 
changing pattern of black and 
white squares. Single-pixel 
detectors placed around the 
object capture light reflected 
in various directions, and 

an algorithm reconstructs a 
3D image from these simple 
inputs. 

Although the scheme takes 
several minutes to image a 
stationary object, it is cheaper 
than current 3D systems. In 
addition, it should work for 
wavelengths such as the far 
infrared that are beyond the 
reach of current technology. 
Science 340, 844-847 (2013) 


Invasive insect’s 
inner weapon 


Ladybirds from central Asia 
act as a Trojan horse for a 
microscopic killer. 

Farmers brought harlequin 
ladybird beetles (Harmonia 
axyridis, pictured) to North 
America and Europe to eat 
troublesome aphids, but the 
insects quickly — and 
mysteriously — began 
to supplant native 
ladybirds. Andreas 
Vilcinskas at 


Selections from the 
scientific literature 


Fish mismatch makes hears eat elk 


In bringing lake trout to Yellowstone National 
Park humans may have inadvertently triggered 
a cascade of changes with consequences for 
migratory elk. 

A team led by Arthur Middleton, then at the 
University of Wyoming in Laramie, looked at 
the long-distance effects of introducing lake 
trout to the park in the western United States. 


reach of grizzly bears. 

Earlier research suggested that, when fish are 
in short supply, grizzlies prey on elk calves. The 
authors used a demographic model to calculate 
that this dietary shift has cut the growth of 
elk populations by as much as 11% — even in 
groups that overwinter well outside the park. 
The decline of these elk is often blamed, perhaps 


The lake trout have caused a marked decline 
in native trout and, unlike the natives, the 
interlopers spawn on lake bottoms — out of 


Justus Liebig University 
Giessen in Germany and his 
colleagues discovered that a 
parasite lurks within harlequin 
ladybirds’ circulatory system 
and eggs. And although the 
parasite does not harm the 
harlequins, the researchers 
found that it is deadly to 

a native ladybird species 
(Coccinella septempunctata), 
which, like many beetle 
species, eats its competitors’ 
eggs and larvae. 

When the harlequin 
ladybird was introduced to 
new ecosystems, the authors 
say, its hidden parasites 


weapons that helped it to take 
over new territory. 

Science 340, 862-863 (2013) 

For a longer story on this research, 
see: http://go.nature.com/cajaty 


Minoans came 
from Europe 


Ancient DNA from remains 
found in caves on the Greek 
island of Crete suggests that the 
Minoan civilization emerged 
from farmers who settled 

on Crete thousands of years 
beforehand. This challenges an 
early theory, which held that 


erroneously, on the reintroduction of wolves. 
Proc. R. Soc. B http://dx.doi.org/10.1098/ 
rspb.2013.0870 (2013) 


the Minoans — recognized as 
being one of Europe’ first ‘high 
cultures’ from their pottery and 
colourful frescoes — originated 
from Egyptian refugees. 

A team led by George 
Stamatoyannopoulos at the 
University of Washington in 
Seattle analysed mitochondrial 
DNA (mtDNA) from teeth and 
bone samples of 37 individuals 
who lived on Crete between 
4,400 and 3,700 years ago. 

The authors found 6 mtDNA 
haplotypes unique to Minoans 
and 15 that are common in 
modern and ancient European 
populations, but none 
characteristic of present-day 
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African populations. The 
North African influence on 
Minoans probably occurred 
through cultural exchange, the 
authors say. 

Nature Commun. 4, 1871 (2013) 
For a longer story on this research, 
see: go.nature.com/cscvvy 


‘Ghost’ reptile 
lived late 


The identification ofa 
fossilized reptile indicates 
that extinct ‘fish lizards’ called 
ichthyosaurs were more 
diverse late in their history 
than is often thought. 

Previously, it was 
thought that only a subset 
of ichthyosaurs adapted for 
fast swimming in the open 
ocean had survived into the 
Cretaceous period, from 
145 million to 66 million 
years ago. Valentin Fischer 
at the University of Liége in 
Belgium and his colleagues 
describe a new species with 
archaic features, Malawania 
anachronus, from a 1.5-metre- 
long fossil. 

The recognition of this 
‘ghost lineage’ reveals that 
two distantly related groups 
of ichthyosaurs lived in the 
Cretaceous. This challenges 
assumptions that low numbers 
and diversity in ichthyosaurs 
during this period contributed 
to their extinction. 
Biol. Lett. http://dx.doi.org/ 
10.1098/rsbl.2013.0021 (2013) 


MOLECULAR BIOLOGY 


Small RNA tunes 
protein 


Asmall RNA molecule that 
controls whether bacteria 
coalesce into biofilms has a 
surprising mode of action. 
Small RNAs are known to 
regulate gene expression by 
binding to target messenger 
RNAs, typically blocking their 
translation into proteins. A 
team led by Gisela Storz at 
the US National Institutes of 
Health in Bethesda, Maryland, 
and Poul Valentin-Hansen 
at the University of Southern 
Denmark in Odense found 


that a small RNA produced 
by Escherichia coli also binds 
to a target protein. The 
binding activates synthesis of 
a compound needed to form a 
biofilm. 

Mutant bacteria in which 
this RNA-protein binding was 
abolished produced less of the 
compound and were less able 
to form biofilms. The results 
suggest that this small RNA 
tunes the protein's activity by 
interacting with it directly. 
Genes Dev. http://dx.doi.org/ 
10.1101/gad.214734.113 (2013) 


Cheap, flexible, 
white light 


Silver nanowires offer a way 
to solve two problems facing 
those making light-emitting 
diodes (LEDs). 

LEDs tend to be made from 
inorganic materials. Those 
based on organic materials 
are thinner, lighter weight, 
cheaper to make and more 
easily spread over large, 
flexible surfaces. But the 
white light that they produce 
is not the same at all angles, 
and current organic LEDs are 
hampered by stiff electrodes. 
These are not compatible with 
flexible manufacturing and are 
made of indium tin oxide, an 
increasingly scarce material. 

Whitney Gaynor, then 
at Stanford University in 
California, and her colleagues 
made alternative electrodes 
using silver nanowires encased 
in transparent plastic. These 
produce stable white light at 
all angles and are better suited 
to manufacturing the LEDs on 
flexible, plastic surfaces. 

Adv. Mater. http://dx.doi.org/ 
10.1002/adma.201300923 
(2013) 


DEVELOPMENT 


Images ofa 
metamorphosis 


A three-dimensional imaging 
technique makes it possible to 
watch butterfly pupae mature 
within the chrysalis. 

In most studies of developing 
insects, seeing means 
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Cosmic rays show how boulders move 


ffs Rare isotopes generated by cosmic rays 
© Hl . ee can reveal the timing of events such as 
2013 megafloods and rock debris flows. 

Analysis of the isotopes’ concentrations 

can help researchers to estimate a rock’s age, a method 
known as cosmogenic dating. Benjamin Mackey and Michael 
Lamb at the California Institute of Technology in Pasadena 
extended this technique to show how boulders move and 
erode. They modelled the accumulation of these isotopes in 
boulders and found that the isotopes’ distribution near the 
surface indicates how often a metre-plus sized rock has been 
transported. 

Because boulders are often used to date landforms, such 
information provides clues about geological events and the 
creation of features such as glaciers and shorelines. 

J. Geophys. Res. Earth Surf. 118, 184-197 (2013) 


destroying. Researchers 
must dissect a number of 
specimens at different 
time points rather 

than following the 
maturation ofa 

single individual. 
Russell Garwood 

and Tristan Lowe 

at the University of 
Manchester, UK, and 
their colleagues used 
high-resolution X-ray 
computed tomography 
to peer into living pupae 
of painted lady butterflies 
(Vanessa cardui). The authors 
took several scans over the 
insects’ approximately 16-day 
development and produced 
detailed models (pictured) of 
external and internal anatomy. 
The technique showed that 
butterfly breathing apparatus 
forms surprisingly early, and 
promises to allow quantitative 
developmental studies ofa 
range of insects. 

J. R. Soc. Interface 10, 20130304 
(2013) 


Multiplexed 
mouse mutants 


Animals carrying mutations 
in multiple genes can be 
engineered in a single step 


with the help of a bacterial 
protein and targeted RNA. 
Introducing a number 
of mutations to mice is 
usually tedious and time- 
consuming. Researchers 
introduce a genetic change 
into embryonic stem cells, 
mix them into embryos 
and transplant these 
into surrogate mothers. 
Resulting pups are then 
interbred for generations. 
A group led by Rudolf 
Jaenisch at the Whitehead 
Institute for Biomedical 
Research in Cambridge, 
Massachusetts, has 
succeeded in making several 
genetic changes at once by 
using a bacterial system called 
CRISPR/Cas that normally 
serves to destroy viruses. 
The technique allowed the 
authors to target both copies 
of a number of genes in 
embryonic stem cells and to 
manipulate genes in fertilized 
eggs. The method could allow 
researchers to create mice 
with a host of mutations in 
months rather than years, the 
authors say. 
Cell 153, 910-918 (2013) 


© NATURE.COM 

For the latest research published by 
Nature visit: 
www.nature,com/latestresearch 


23 MAY 2013 | VOL 497 | NATURE | 413 


© 2013 Macmillan Publishers Limited. All rights reserved 


SEVEN DAYS 


| __BUSINESS 
Speed machine 


The world’s only quantum- 
computer seller has secured 
another customer — a 
collaboration between Google, 
NASA and the non-profit 
Universities Space Research 
Association. D-Wave, of 
Burnaby, Canada, made the 
announcement on 16 May. The 
deal was sealed after computer 
scientist Catherine McGeoch 
of Amherst College, 
Massachusetts, showed ina 
speed test that the machine 
can perform some tasks up 

to 3,600 times faster than 
conventional computing 
methods. Google, based in 
Mountain View, California, 
said that the computer would 
be used for machine-learning 
research. See go.nature.com/ 
ufvacw for more. 


Fish progress 


Fisheries ministers on 15 May 
reached a potential turning 
point in the European 
Union’ efforts to reform 

its commercial fishing 

policy. The rules have been 
criticized for allowing large 
catches that exceed scientific 
recommendations, but a 

lack of agreement between 
member-state ministers, the 
European Parliament and the 
European Commission has 
stalled changes. Ministers 
have now inched towards the 
goals favoured by Europe's 
Parliament, which include 
restoring fish stocks to certain 
biomass levels and setting 
tougher limits on waste of 
unwanted fish. See go.nature. 
com/l6hx5y for more. 


Chilean science 
Chile should have a science 
ministry, a panel of scientists 
and economists has 
recommended to Chilean 
President Sebastian Pifera in 


The news in brief 


Africa’s eyes on the radio sky 


Royal Astronomical Society (R. P. Armstrong 

etal. Preprint available at http://arxiv.org/ 
abs/1305.3399). KAT-7 (two dishes pictured) 
serves as a test bed for the MeerKAT 64-telescope 
array, which will form part of the larger and more 
powerful Square Kilometre Array (SKA). The 
SKA isa planned €1.5-billion (US$1.93-billion) 
radio-telescope array, to be built across sites in 
South Africa and Australia. 


South Africa’s astronomical ambitions received 
a boost on 15 May, when the first results from 

a seven-dish radio-telescope array were released. 
The KAT-7 array, based in the Northern 

Cape, observed two strong radio flares from 

the binary-star system Circinus X-1, and 
monitored their progression. An international 
team of astronomers reports the findings in 

a paper accepted by Monthly Notices of the 


a report delivered on 15 May. 
Pifera had created the advisory 
commission in January. The 
panel's report notes that science 
governance in the country is 
fragmented in uncoordinated 
institutions, and would benefit 
from being placed, along 

with higher education, ina 
dedicated ministry. Chilean 
scientists have repeatedly 
requested the same reform, 
most recently in a letter to the 
president in April. 


Indonesia’s forests 


Indonesian president Susilo 
Bambang Yudhoyono 

on 15 May extended a 
moratorium on new licences 
to log and clear virgin 
rainforest and peatlands in 
the country for another two 
years. Indonesia initially 
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established the moratorium 
in 2011 after committing 

to reduce its greenhouse- 
gas emissions, which arise 
primarily from deforestation 
and the destruction of 
peatlands. Scientists and 
environmentalists have 
criticized loopholes in the 
moratorium but say that the 
decision will give the country 
more time to develop a 


broader forest-protection plan. 


Arctic group grows 
Atits biennial meeting last 
week in Kiruna, Sweden, 

the Arctic Council granted 
observer status to China, 
India, Italy, Japan, Singapore 
and South Korea. The 
council, established in 1996 
and headed by eight Arctic 
nations, promotes sustainable 
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development in the warming 
polar region. Its expansion, 
which doubled the number 
of observer nations, reflects 
growing economic interest in 
and environmental concerns 
about oil and gas resources in 
the Arctic. Council members 
also signed a cooperative 
agreement addressing 
preparedness for and responses 
to marine oil spills. 


Stem-cell safety 
Italian scientists have 
persuaded a reluctant 
parliament to amend a 
controversial decree that 
would have allowed severely 
ill patients to continue 
treatment with an unproven, 
and possibly unsafe, stem- 
cell therapy (see Nature 495, 
418-419; 2013). This week, the 
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Senate is expected to accept 
amendments voted for by 
the parliament'’s other house, 
the Chamber of Deputies, on 
20 May. These would subject 
the therapy, developed by 

the Stamina Foundation in 
8 Brescia, to regulatory oversight. 
The government will make 
€3 million (US$3.9 million) 
available to test the therapy in 
clinical trials. See go.nature. 
com/Iqqqum for more. 


Brazil investment 


Brazil’s Sao Paulo Research 
Foundation (FAPESP), 

one of the country’s largest 
science-funding agencies, 
announced on 15 May the 
establishment of 17 Research, 
Innovation and Dissemination 
Centers. The research centres 
will focus on innovation 

and technology transfer 

in avariety of areas, from 
nutrition and neuroscience 
to functional materials and 
photonics. FAPESP plans to 
invest US$370 million over 
11 years, to be matched by 
$310 million in salaries from 
host institutions. 


PEOPLE 


One down, one to go 
The US Senate voted 
unanimously on 16 May to 
confirm physicist Ernest 
Moniz (pictured) as head 

of the Department of 


=m 
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TREND WATCH 


SOURCE: WHO 


most- and least-advantaged 
countries have narrowed 
over the past two decades in 
areas such as child survival 
(see chart), maternal deaths 


in childbirth and deaths from 
tuberculosis. In its latest statistics, 
released on 15 May, the World 


Health Organization found 


improvements in many countries, 
but projected that progress was 
not fast enough to meet 2015 
Millennium Development Goals, 
such as cutting child mortality by 


two-thirds from 1990 levels. 


Health gaps between the world’s 


Energy. Moniz, director of 
the Energy Initiative at the 
Massachusetts Institute of 
Technology in Cambridge, is 
known for his strong support 
of natural gas and nuclear 
power. The Senate has yet to 
vote on the nomination of 
Gina McCarthy to lead the 
Environmental Protection 
Agency. See page 418 for 
more. 


Nobel laureate dies 
Heinrich Rohrer, a Nobel- 
prizewinning Swiss physicist, 
died on 16 May at the age 

of 79. Together with Gerd 
Binnig, Rohrer shared half 
of the 1986 Nobel Prize in 
Physics for the invention 

of the scanning tunnelling 
microscope while at the 

IBM Research Laboratories 
in Zurich, Switzerland. 

The instrument allows 
researchers to image and 
manipulate individual atoms 
on electrically conductive 
surfaces. 


HEALTH GAP NARROWS 


Impact-factor abuse 


More than 480 researchers 
and scientific organizations 
have signed a declaration 
condemning the use of 

the journal impact factor 
(JIF) to gauge scholarly 
success. According to the 
San Francisco Declaration 
on Research Assessment, 
released on 16 May, the JIF 
— an average measure of 
how often a journal's articles 
are cited — is misused to 
assess the significance of 
work by scientists who 
publish in those journals. 
The declaration recommends 
alternative metrics for 
evaluating researchers, 
including citation counts 
of individual articles. See 
go.nature.com/nvqgwj for 
more. 


Mission stalls 

Kepler, NASAs planet- 
hunting spacecraft, may be 
on its last legs. On 14 May, 
the spacecraft entered a 
protective mode and stopped 
collecting data. See page 417 
for more. 


Distant particles 

A handful of neutrinos 
detected at the South Pole 
probably came from beyond 
Earth's atmosphere, according 
to an international group of 


The difference in child mortality between the world’s most- 
and least-advantaged countries has fallen since 1990. 
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SEVEN DAYS | THIS WEEK | 


28-30 MAY 
Government leaders 
and energy experts 
at the Vienna Energy 
Forum discuss the 
state of energy access 
and sustainable energy 
development, one 
year after the Rio+20 
Summit. 
go.nature.com/wsv69r 


29-31 MAY 
Researchers focus 

on environmental, 
chemical and genetic 
influences on bone- 
marrow diseases at a 
New York Academy of 
Sciences meeting. 
go.nature.com/k5dt82 


researchers. At a conference 
in Madison, Wisconsin, 

the IceCube collaboration 
reported on 15 May that 

its sensors had collected 

28 neutrinos with energies 
far exceeding those from 
cosmic rays hitting Earth's 
atmosphere. The finding 
raises hopes that the particles 
could be traced back to 
some of the most energetic 
phenomena in the Universe, 
such as active black holes or 
y-ray bursts from collapsing 
stars. See go.nature.com/ 
pon2qj for more. 


MENTORING AWARDS 
Nominations for Nature’s 
annual awards for science 
mentoring are open until 
20 August. This year, 
Nature seeks to honour two 
outstanding mentors in 
Italy, who will each receive 
€10,000 (US$12,800). The 
panel of judges is led by 
physicist Luciano Maiani 
of CERN, Europe’s particle- 
physics lab near Geneva in 
Switzerland. See go.nature. 
com/o/bltb for more. 


> NATURE.COM 
For daily news updates see: 
www.nature.com/news 
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Four potentially habitable planets (artist’s impression) have turned up in Kepler’s data so far, but the crippled spacecraft may not find a true twin for Earth (far left). 


The wheels come off Kepler 


Space telescope’s mission to find planets outside the Solar System is probably over. 


BY RON COWEN 


ASA’ Kepler spacecraft is not only the 
| \ | most prolific exoplanet detector ever; 
it is — or was — a marvel of engineer- 
ing. Its 1.4-metre mirror funnels starlight to 
a 95-megapixel camera, capable of discerning 
dips in brightness as small as 10 parts per mil- 
lion — clues to the mini-eclipses caused by 
an exoplanet crossing the star’s face. Yet on 
14 May, the US$600-million craft was derailed 
by the failure of one of its only moving parts 
—a roughly $200,000 device akin to a child’s 
gyroscope. 

Mission scientists knew that the craft was 
vulnerable. Kepler is equipped with four metal 
reaction wheels — motors that, when spun up 
in one direction, cause the spacecraft to turn in 
the other. At least three are needed for the craft 
to remain stable, and one had failed last July. 
“We recognized that the wheels had a rather 
chequered history,” says William Borucki, 
a space scientist at NASA’s Ames Research 


Center in Moffett Field, California, and prin- 
cipal investigator of the Kepler mission. When 
the second wheel stopped turning — probably 
because of a problem with its ball bearings or 
housing, say NASA scientists — Kepler put 
itself into safe mode, pending a repair that 
many say is unlikely to happen. 

Spinning at 1,000-—4,000 revolutions per 
minute, reaction wheels fine-tune a space- 
craft’s orientation, exerting precise torques 
through careful control of their speed. Even 
before Kepler launched in 2009, the mission 
team was painfully aware of problems from a 
host of virtually identical reaction wheels made 
by the same manufacturer and installed on sev- 
eral other spacecraft. 

Reactions wheels of this type failed, or were 
deemed too unreliable to be used, on NASA’s Far 
Ultraviolet Spectroscopic 
Explorer in 2001 and 
Japan’s Hayabusa mis- 
sion in 2004 and 2005. 
NASAs Thermosphere, 


For more on Kepler’s 
science, see: 
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Ionosphere, Mesosphere Energetics and 
Dynamics (TIMED) satellite experienced a 
single reaction wheel failure in 2007, and the 
agency's Dawn mission suffered two failures, in 
2010 and 2012. 

Most of these malfunctions occurred well 
before Kepler’s launch, but the failure on 
TIMED created a critical mass of concern, 
recalls John Troeltzsch, Kepler programme 
manager for Ball Aerospace in Boulder, Colo- 
rado, which built the craft for NASA. “We first 
really realized how serious it was at the end of 
2007,” he says. 

By then, Kepler was ready for launch. 
Options such as overhauling the entire reac- 
tion-wheel system or adding another set of 
back-ups were deemed too costly and would 
have meant years of further delays for a mis- 
sion that had already been postponed twice. 

But the team wanted to take one last look. 
In early 2008, Troeltzsch and his colleagues 
took all four wheels out of the spacecraft and 
sent them back to the manufacturer, Ithaco 
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> Space Systems in Ithaca, New 
York, for re-inspection. Changes 
were made, including replac- 
ing the ball bearings, which had 
already shown signs of pitting, 
says Charles Sobeck, Kepler’s 
deputy project manager at Ames. 
Troeltzsch says, “The assessment 
was that the changes would pre- 
vent the recurrence of the types 
of problems that had happened 
before” Through a spokesman, 
Ithaco owner UTC Aerospace 
Systems declined to respond to 
questions about how the com- 
pany had tried to fix the wheels, 
referring the questions back to 
NASA. 

Borucki notes that, at the 
time, potential problems with 
the reaction wheels seemed less 
of an issue because the mission was supposed to 
last for only 3.5 years. That was how long it was 
expected to take for Kepler to achieve its main 
goal: surveying a group of about 150,000 Sun- 
like stars up to 920 parsecs (3,000 light years) 
away to determine how common Earth-sized 
planets in Earth-like orbits are in the Galaxy. 

After launch, however, scientists discovered 
that most stars are more variable than the Sun 
(see Nature 477, 142-143; 2011). The mission 
would need more time to distinguish a random 
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KEPLER’S BOUNTY 


NASA's Kepler spacecraft has discovered more than 2,700 candidate extrasolar 
planets. But the mission may have ended just as it was becoming sensitive to 
Earth-sized planets in Earth-like orbits around their stars. 
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fluctuation in a star’s brightness from a dip in 
starlight due to a passing planet, so last year, 
NASA extended the mission until 2016. But 
around the time of that decision, the first reac- 
tion wheel went bad. With the loss of the sec- 
ond wheel, says Troeltzsch, “the science we were 
doing with Kepler, as we were doing it, is over”: 
Although engineers will try to reactivate 
the failed wheels in the next couple months, 
Troeltzsch is not hopeful. “It's very unlikely that 
it can be restored to any kind of usefulness,” he 


says. Thrusters on board the craft 
may be able to serve as a crude 
stand-in, but they were not 
designed to provide the preci- 
sion orientation needed. Efforts 
to bring the mission back to life 
will probably continue until the 
end of autumn, says Sobeck. 

In the meantime, Borucki’s 
team is analysing the two most 
recent years of Kepler data, 
which seem likely to add hun- 
dreds of candidate planets to 
the mission’s current tally of 
more than 2,700 (see ‘Kepler’s 
bounty’). Because the most 
recent data contain information 
on planets with orbits of similar 
length to Earth’s, Boruckiis opti- 
mistic that they will reveal a rea- 
sonable estimate of the frequency 
of Earth analogues in the Galaxy. 

Sara Seager, an exoplanet theorist at the 
Massachusetts Institute of Technology in Cam- 
bridge, is not so sanguine. She says that the 
data may yield decent statistics about Earth- 
sized planets in orbits up to about 200 days, 
but not all the way up to orbits in the ‘habit- 
able zone’ of a Sun-like star, which are around 
365 days. She is hopeful, however, that a few 
such planets are buried in the remaining data. 
“It’s possible, and even likely.” m 
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Log-jam in agency confirmations 


Political squabbles leave US science agencies without heads. 


BY LAUREN MORELLO 


S Senate Republicans have lots of ques- 

tions for Gina McCarthy, President 

Barack Obama’ nominee to head the 
Environmental Protection Agency (EPA) — 
1,038 of them, to be exact. Many target alleged 
lapses in the EPAs policies regarding trans- 
parency and information access, but they also 
reflect a more general distrust of the agency 
that regulates greenhouse-gas emissions, 
sets water-pollution standards and monitors 
air quality. 

McCarthy, currently the EPA’s assistant 
administrator in charge of air and radiation, 
has had plenty of time to ponder the lawmak- 
ers’ queries since her nomination on 7 March. 
She has already waited weeks longer for con- 
firmation by the Senate than any would-be 
chief in the EPA’s 43-year history (see ‘Stall- 
ing tactics’). Obama's new energy department 
secretary, physicist Ernest Moniz, didn't fare 
much better. He was confirmed last week, but 
only after a key senator withdrew an objection 
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that had held up the confirmation for more 
than two months. 
In his first term, Obama was able to installa 


STALLING TACTICS 

Gina McCarthy has waited longer than any other 
nominee for US Senate confirmation as head of 
the US Environmental Protection Agency (EPA). 


EPA nominee Presidency Days to 
confirmation 

Gina McCarthy, Barack 77 and 

2013 Obama counting 

Lisa Jackson, Barack 2 

2009 Obama 

Stephen George W. 46 

Johnson, 2005 Bush 

Michael Leavitt, George W. 55D 

2003 Bush 

Christine Todd, George W. lal 

2001 Bush 

Carol Browner, Bill Clinton 1 

1993 

William Reilly, George H.W. | 13 

1989 Bush 
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science ‘dream team, with much fanfare and lit- 
tle opposition (see Nature 489, 488-492; 2012). 
But at the start of his second term, Obama is 
facing a number of key science-policy decisions 
without agency heads. The delays are not all due 
to Congress. Partly because of the increasingly 
complex background checks needed to prepare 
for congressional scrutiny, the Obama adminis- 
tration has not yet even nominated new heads 
for the National Oceanic and Atmospheric 
Administration, the US Geological Survey, and 
the National Science Foundation (NSF), whose 
previous directors have all stepped down. 

Ross Baker, a political scientist at Rutgers 
University in New Brunswick, New Jersey, 
says the McCarthy delays are a prime example 
of ‘slow-walking’ — stalling a nomination in 
the hopes that a nominee will withdraw his 
or her name. Simple tactics can be enough: 
Republicans boycotted a 9 May committee 
meeting that would have allowed McCarthy's 
nomination to advance to the full Senate. Even 
answering senators’ questions can end up add- 
ing days to the process. “It’s basically death 


by a thousand cuts,” Baker says. McCarthy’s 
nomination finally seems to be on course to 
a vote by the full Senate. But as Nature went 
to press, there is no word on when that vote 
might come. 

To Calvin Mackenzie, a political scientist at 
Colby College in Waterville, Maine, who stud- 
ies the presidential appointment process, the 
current stalemate is the culmination ofa trend 
that began decades ago. Over the years, both 
major US political parties have taken advan- 
tage of Senate rules and customs to hinder 
nominations. During the presidency of George 
W. Bush, for example, Senate Democrats stalled 
the nomination of EPA chief Michael Leavitt 
for several weeks. “There is blood on the hands 
of both parties here,’ Mackenzie says. “The 
trouble with a scorched-earth policy is it keeps 
getting worse.” 

Some observers fear that the political 
manoeuvring will start to have an impact on 
US research. Like the rest of the federal gov- 
ernment, US science agencies are grappling 
with the impact of automatic budget cuts 
known as sequestration, which has chopped 
roughly 5% from their funding to 30 Sep- 
tember and is set to continue until 2021 (see 
page 419). Neal Lane, a former NSF director 
and science adviser to President Bill Clin- 
ton, says that having only an acting director 
can make budget negotiations problematic 
for agencies. 

The EPA is finalizing a new rule to limit 
carbon dioxide emissions from power plants, 
and it is also advising the Department of State 
over whether to permit the construction of 
the Keystone XL pipeline to carry oil from 
the Canadian tar sands to the Gulf of Mexico. 
Those efforts are likely to be delayed until the 
EPA and other science agencies are again run 
by permanent leaders, says Lane, now at Rice 
University in Houston, Texas. 

That’s not to say interim heads aren't expe- 
rienced. “They know how the agency works 
and they can keep the trains moving,” says 
Lane. “But it’s a serious problem if that act- 
ing arrangement lasts very long, because large 
policy decisions are generally on hold during 
that period” 

Jeffrey Holmstead, who headed the EPA‘s 
Office of Air and Radiation during the George 
W. Bush administration, disagrees. “A lot 
depends on the reputation and stature” of an 
agency's interim chief, says Holmstead, head of 
the environmental-strategies group at the law 
firm Bracewell & Giuliani in Washington DC. 
He notes that the EPA eased clean-air regula- 
tions for older coal-fired power plants during 
a four-month period in 2003 when the agency 
was run by an acting administrator. 

In the meantime, those watching the 
McCarthy nomination say they are cautiously 
optimistic that her long wait will end in con- 
firmation. “I wouldn't be surprised if some day 
she will be confirmed,” Mackenzie says. But he 
adds,“With these things, who knows?” = 


The flooded Red River isolated houses in North Dakota in 2011. Budget cuts now endanger monitoring. 


US budget cuts hit 
Earth monitoring 


Sequestration threatens records of snow and stream levels 


in western United States. 


BY ALEXANDRA WITZE 


wo kilometres south of the US- 
[estan border, in Pembina, North 

Dakota, a stream gauge measures the 
height of the water surging down the Red 
River. The instrument, one of about 8,000 
maintained by the US Geological Survey 
(USGS), is a sentinel for communities along 
the river that experienced devastating floods 
in 2009, 2010 and 2011. Yet this spring, the 
USGS announced plans to shut down the 
Pembina stream gauge — a casualty of the 
sweeping federal budget cuts known as 
sequestration. 

Implemented on 1 March, sequestration 
slashes about 5% from the budget of every 
federal agency and programme until the 
end of the fiscal year on 30 September, with 
further cuts expected until the end of 2021 
unless Congress intervenes. Scientists in 
fields from biology to astronomy are brac- 
ing themselves for an era of smaller and 
fewer research grants, which will begin 
within months (see Nature 494, 158-159; 
2013). But the cuts are already hampering 
Earth-monitoring projects, including stream 
gauges and snowpack measurements, which 
require a constant influx of funds to keep 
data flowing. 

Monitoring equipment frequently breaks 
and must be repaired or replaced, usu- 
ally during the short period of summer 
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fieldwork. That often requires expensive 
journeys to remote sites by helicopter or 
other means. 

Such is the case for surveys of the United 
States’ western snowpack, a crucial source of 
water in summer for many states. Continuing 
a tradition that began in 1906, when a Uni- 
versity of Nevada researcher measured snow 
depth along a transect in the Sierra Nevada 
mountains, the US Department of Agricul- 
ture’s Natural Resources Conservation Ser- 
vice conducts more than 1,100 manual ‘snow 
courses once a month throughout winter 
and spring. In 1980 it also began operating 
automated snow telemetry (SNOTEL) sites, 
and it now has around 860 spread over 13 
western states. Survey data are used to pro- 
duce water-supply forecasts and to analyse 
changes in the snowpack over time. 

But in January, the snow survey ann- 
ounced that it would eliminate 39 snow 
courses in Montana. The programme was 
already suffering from reduced funding: it 
received US$9.3 million in fiscal year 2012, 
about 15% less than the year before. Congress 
has not yet finalized the 2013 budget, but the 
survey is probably facing another 7.5% cut 
this year when sequestration is taken into 
account, says Michael Strobel, director of 
the National Water and Climate Center in 
Portland, Oregon. 

More snow courses may be at risk. 
“Were trying to prioritize sites that have 
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> scientifically critical information’, says 
Strobel, as well as to decide “which ones have 
enough SNOTEL and other sites nearby to 
have a lower priority”. 

SNOTEL sites typically need to be visited 
each year to have melted snow drained away, 
antifreeze added and damage from grizzly 
bears and other problems repaired. But tight 
budgets will probably prevent workers from 
getting to every location this summer, so some 
of the measurements are likely to fail. 

Once snow melts and starts running down 
from the mountains, USGS stream gauges 
measure it — unless they, too, are shut down. 
The national stream-gauge network costs 
about $165 million to operate each year. The 
federal government supplies a little more than 
half of that, and state, local and tribal agen- 
cies make up the rest. Information from the 
8,000 gauges is posted online in real time and 
used in everything from weather forecasting 
to designing bridges and planning kayaking 
trips. 

Federal cutbacks mean that about 50 stream 
gauges are being shut down and some 
100 more could be at risk, says Michael Norris, 
coordinator for the National Streamflow 
Information Program, based in Reston, Vir- 
ginia. The USGS prioritizes gauges mandated 
by law, such as those that support water trea- 
ties, as well as gauges in crucial flood-forecast 
areas or those that have been in operation for 
a long time. The agency consults with local 
officials about which gauges can be cut. 

The Pembina gauge was targeted because 
another station just across the Canadian 
border in Emerson provides much the same 
information, says Gregg Wiche, head of the 
North Dakota Water Science Center in Bis- 
marck. But when Wiche heard how much the 
community used the information — a local 
railway relies on its forecasts, for example — 
he and others worked out a deal to keep the 
Pembina station and drop one elsewhere in 
the state instead. 

Such small adjustments do little to reassure 
Johnnie Moore, a hydrologist at the University 
of Montana in Missoula who has used USGS 
streamflow data to study long-term trends in 
melt run-off from the northern Rocky Moun- 
tains. He worries that shutting off stream 
gauges that have been operating for decades 
could hurt climate-change studies. “Over the 
long run there's been a big decline in the num- 
ber of gauges’, says Moore, and to cut even 
more now “is pretty disconcerting”. 

The outlook is not entirely grim: some of the 
50 or so gauges at immediate risk have received 
extra funding from state or local governments 
to carry them through to 30 September. 

And US President Barack Obama's budget 
request for fiscal year 2014 asks for a 25% 
increase over 2012 levels for the streamflow 
information programme. That money, if Con- 
gress provides it, could let the USGS go back to 
watching the west’s water. m 
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Russian academy 
awaits new head 


Reform is in the air at the nation’s oldest research body. 


BY QUIRIN SCHIERMEIER 


sae czarist times to the days of pere- 


stroika, the Russian Academy of Sci- 

ences (RAS) was the pillar of the nation’s 
scholarship, boasting the country’s best sci- 
entists as members. The dramatic decline in 
science spending after the break-up of the 
Soviet Union ended the academy’s days of 
plenty, and although funding has rallied in 
recent years, those roubles have increasingly 
gone to other research centres. 

Now awaiting the first new academy 
president in more than two decades, Russian 
scientists hope that the leadership will revive 
the struggling institution and bring about 
reform they feel is long overdue. 

Critics say that the RAS, which employs 
some 45,000 scientists at 436 institutes across 
Russia, is burdened by a host of unproduc- 
tive ageing scientists awaiting retirement and 
by many pursuing research of dubious value 
(see Nature 449, 524-527; 2007). They say 
that current president Yuri Osipov, a math- 
ematician who has presided over the RAS 
since 1991, has failed to clear out dead wood 
and take other steps to prevent the academy, 
which was founded in 1724 by Peter the 
Great, from declining into insignificance. 

On 29 May, the academy's general assem- 
bly of more than 1,000 full and correspond- 
ing members will vote in a secret ballot on 
its future head. Osipov, 76, said earlier this 
month that he will not run for a fifth term. 
“Tm tired,’ he told the Russian news service 
Pravda.ru . It is time for a new person with 
“new views and fresh energy” to take over. 

How new the views and how fresh the 
energy will depend on who wins on 29 May. 
The favoured contender, according to sources 


FLATLINING 


Funding at the Russian Academy of Sciences 
(RAS) has stayed flat in real terms as overall 
science funding has risen. 
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close to the academy, is 67-year-old plasma 
physicist Vladimir Fortov, former deputy 
prime minister and former science minis- 
ter in the Russian government. His election 
manifesto includes a raft of proposals for the 
RAS — to cut red tape, to improve efficiency, 
to regularly review the performance of insti- 
tutes and scientists, and to base funding on 
merit. “Fortov is no doubt determined to 
start some reform, however timidly,’ says 
Konstantin Severinov, a molecular biologist 
at the recently inaugurated Skolkovo Institute 
of Science and Technology near Moscow, and 
a professor at Rutgers University in Piscata- 
way, New Jersey. 

Fortov’s chief opponent, Zhores Alferov, 
is considered less likely to modernize the 
academy. The 83-year-old physicist and 
long-time director of the respected Ioffe 
Physico-Technical Institute in St Petersburg 
shared the Nobel Prize in Physics in 2000 for 
his ground-breaking work on semiconductor 
heterostructures. He is also a member of the 
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communist faction in the Duma, the Rus- 
sian parliament, and a stalwart champion 
of Soviet ideals. “Alferov is a scientist of 
the highest repute — but his views are not 
always forward-looking,” says Severinov. 

At a meeting in April of the Council 
for Science and Education, a presidential 
advisory body chaired by Vladimir Putin, 
Alferov agreed with academicians who 
reject the use of bibliometric indicators — 
such as numbers of research papers and the 
impact factors of the journals in which they 
are published — for measuring scientific 
performance. He agreed that such assess- 
ments would encourage Russian scientists 
to publish their best work in foreign high- 
impact journals rather than in Russian ones. 

Such nationalistic views threaten to 
cement the isolation of Russian science fur- 
ther, says Mikhail Feigel’man, deputy direc- 
tor of research at the academy’s Landau 
Institute for Theoretical Physics near Mos- 
cow. (Feigel’man himself is not a member 
of the academy and will not be voting on 
29 May.) “Our ties with international sci- 
ence are all but eliminated,” he says. “We're 
caught in a system that was constructed in 
Soviet times when academic exchange was 
not considered important. But now it is.” 

Travel grants are almost unavailable to 
RAS researchers, and foreign scientists or 
students are absent at many academy insti- 
tutes. “Anyone interested in working with 
us, or giving talks at our institute, I have to 
tell that it is not possible unless they come 
with their own money,’ says Feigel’man. 
Meanwhile, low salaries, lack of grant 
money and poor career prospects are deter- 
ring Russian talent from pursuing science at 
home, he says. “Our own people leave Rus- 
sia as fast as they can.” 

The Russian government itself seems to 
view the RAS as increasingly irrelevant. The 
academy's budget, around 60 billion rou- 
bles (US$1.9 billion) per year, has stagnated 
since 2000, even as overall science spending 
in Russia has doubled (see ‘Flatlining’). The 
government is funnelling the new money 
into university research and ventures such 
as the Skolkovo, a new science complex that 
will focus on biotechnology and informa- 
tion technology, among other disciplines, in 
partnership with international companies. 
German engineering and electronics giant 
Siemens, based in Munich, and Finnish 
mobile-phone company Nokia, in Hel- 
sinki, have already signed up to participate. 

Science minister Dmitri Livanov has 
said that he expects a thorough overhaul of 
the academy and that productivity should 
become a funding prerequisite for RAS 
institutes and scientists. “There are some 
researchers who fully meet this standard,” 
Livanoy said in a 2012 interview. “Those 
who do not work we will have to call 
something different.” = 


A RISKY REGION 


Geoscientists are installing 69 Global 

Position System stations across the 

Caribbean in an effort to monitor . 
earthquakes and other hazards. 
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A network to track 
Caribbean hazards 


Multi-nation effort is a test of scientific diplomacy. 


BY ALEXANDRA WITZE IN CANCUN, MEXICO 


ome US geophysicists are going where few 
of their compatriots have gone before: to 
Cuba, Venezuela and other countries 
that are notoriously anti- American. But these 
countries are also notoriously plagued by 
natural disasters such as earthquakes, and so 
engineers are blanketing the Caribbean with a 
network of sensors to detect the crustal strains 
and brewing storms that threaten the region. 
Early results from the US$6-million system, 
called the Continuously Operating Caribbean 
GPS Observational Network (COCONéet) and 
funded by the US National Science Foundation 
(NSF), were presented in Cancun, Mexico, on 
17 May at the American Geophysical Union 
Meeting of the Americas. COCONet is an off- 
shoot of another NSF effort that, over the past 
decade, has sprinkled Global Positioning System 
(GPS) sensors across the western United States. 
That was child’s play compared with working 
across 31 separate national governments, many 
of which distrust the United States, says Glen 
Mattioli, a programme director at UNAVCO, a 
geodetic-survey organization based in Boulder, 
Colorado, that is managing the project. 
Under COCONet, geoscientists across the 
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Caribbean are gaining free access to data that 
will help them to understand and prepare for 
natural hazards such as earthquakes and hur- 
ricanes. But unless they adopt the network as 
the long-term backbone for observations in 
the region, the project could go down as just 
another well-meaning but failed effort to bridge 
national differences and develop scientific 
capacity. To most, it is worth the risk. “If you 
don't bet, you don't win,” says Franck Audemard, 
a geologist at the Venezuelan Foundation for 
Seismological Research in Caracas. 
COCONet stations are being set up at sites 
as diverse as steep rainforest slopes and iso- 
lated coral-reef islands (see ‘A risky regio). 
Each station contains meteorological instru- 
ments, along with a GPS unit that constantly 
monitors ground movements and, in many 
cases, transmits those data in near real time. 
So far, UNAVCO has built or upgraded 38 of 
its planned 69 sites. At least 61 existing stations 
are also being incorporated into the network. 
The project has made more progress than 
expected in acquiring the permits needed to set 
up stations, says Mattioli. That holds true even 
in Cuba, where officials have already approved 
the COCONéet stations slated to arrive in 
June, even as US officials are still working > 
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> through the permissions, Mattioli says. 

Spurred on by the devastating 2010 Haiti 
quake, the network aims to fill out the currently 
patchy picture of the region’s geological turmoil. 
Offthe Pacific coast of Costa Rica, for instance, 
a COCON¢et station on the isolated Isla del Coco 
is the only GPS station continuously tracking 
the Cocos plate as it dives beneath the Carib- 
bean plate. The data show that the two plates 
are converging at a rate of 78 millimetres per 
year. Such information will help geophysicists 
to reconcile their ideas about plate motion in 
the region, says Marino Protti, a geologist at the 
National University of Costa Rica in Heredia, 
who presented his findings in Cancun. 

Other COCONet stations dot Costa Rica's 
Nicoya Peninsula, one of the few places on land 
that lie directly above a subduction zone. In 


September 2012, Nicoya shuddered from a mag- 
nitude-7.6 earthquake. “Having the network 
helped us see that it was not a whole-plate event,’ 
Protti says. He thinks that remaining stress in 
the plate could trigger another large tremor. 

Besides tracking movements in Earth’s crust, 
the GPS data allow atmospheric scientists to 
measure how much water vapour sits in the 
air between each station and the GPS satellites, 
based on the delay in the signal's travel time. 
That information is a rare, real-time glimpse 
of how much water is available to power hur- 
ricanes, says meteorologist John Braun of 
the University Corporation for Atmospheric 
Research in Boulder. 

COCONe¢t is even yielding some unexpected 
societal benefits. In the Dominican Republic, 
land surveyors are eagerly using the nation’s 


nine stations to comply with a real-estate law 
that requires precise surveying of parcels of 
land for sale, says Alexander Holsteinson 
of the National University of Pedro Henriquez 
Urefia in Santo Domingo. 

Yet funding for COCONet runs out in 2015, 
and no one knows what will happen then. Each 
country will have to find the money to keep 
its stations operating, says Guoquan Wang, 
a geophysicist at the University of Houston, 
Texas, and a COCONet member who devel- 
oped a GPS network for Puerto Rico and the 
Virgin Islands. That means that host nations 
will have to find value in supporting the pro- 
ject, says Héctor Mora Paez, who heads the 
GPS network for the Colombian Geological 
Survey in Bogota. “You have to make the local 
people feel involved” = 


Researchers are mimicking graphene by using other materials to create 
hexagonal lattices with larger distances between adjacent points. 
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Graphene knock-offs probe 
ultrafast electronics 


Honeycomb lattices in different materials enable experiments impossible in the real thing. 


BY EUGENIE SAMUEL REICH 


then graphene is basking in admiration. 
Several labs are recreating the six-fold geom- 
etry of the carbon-based material with a range 
of building blocks, hoping to match — if not 
surpass — graphene’ fascinating properties. 
The approaches span a range of length scales, 
from nanometres to millimetres (see ‘Lattice 
lookalikes’), and take advantage of a variety of 
construction techniques, including potassium 
atoms trapped by laser beams, hexagons etched 
on a gallium arsenide surface and microwaves 
pumped into a honeycomb arrangement of 
ceramic cylinders. The research is mostly 
motivated by curiosity, and few think that 


[: imitation is the sincerest form of flattery, 
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any of the ‘artificial graphenes’ will be used in 
applications. But the new materials show that 
hexagonal patterns are worth investigating. 
“Tt’s clear the physics in electrons in graphene 
is very attractive,” says Eros Mariani, a theo- 
retical physicist at the University of Exeter, UK. 

Graphene has unusual electronic proper- 
ties as a result of its Dirac points, positions in 
its single-sheet honeycomb lattice of carbon 
atoms at which the energy bands of electrons 
from adjacent atoms link up. These allow elec- 
trons in the bands to speed across the material, 
like cars changing roads at major intersections 
instead of getting stuck on one jammed road. 
Measurements reported’” in 2005 confirmed 
that electrons in graphene move so fast that 
they seem to have no mass, and are, in effect, 
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moving at the speed of light. That fuelled hopes 
that graphene could be used to make ultrafast 
electronics; it also set the stage for the discov- 
ery of exotic quantum-mechanical effects. 

In 2010, physicist Hari Manoharan, an expert 
in atomic manipulation at Stanford University 
in California, stumbled on the first graphene 
mimic. Manoharan and his team were using a 
scanning tunnelling microscope to arrange var- 
ious molecules on a copper surface when they 
were struck by a hexagonal pattern. It looked 

uncannily like graphene 


> NATURE.COM but was eight times larger 
For more on the in scale. “We were think- 
properties of ing, why don't we see if it 
graphene, visit: has graphene’s proper- 
go.nature.com/hm4ism ties?” says Manoharan. 
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He and his colleagues soon settled on carbon 
monoxide as their molecule of choice, and in 
2012, they published evidence’ that carbon 
monoxide molecules arranged in a honey- 
comb pattern do have Dirac points. And in the 
same year, Tilman Esslinger, a physicist at the 
Swiss Federal Institute of Technology in Zurich, 
showed that a gas of ultra-cold potassium atoms 
trapped’ ina hexagonal lattice by criss-crossing 
laser beams also sustains faster-than-light con- 
duction — but of atoms, rather than electrons. 

Both groups then performed tricks that 
are currently impossible in real graphene. 
Manoharan and his colleagues deposited their 
molecules in a slightly warped pattern, which 
caused the energy levels of the electrons in the 
lattice to split as if they had been exposed toa 
magnetic field stronger than any that could be 
applied in a laboratory. “You can trick electrons 
into thinking they’re in a 60-tesla magnetic 
field? says Manoharan. 

Esslinger and his team also distorted their 
lattice, fading out one of the laser beams 
to shift the structure from a hexagonal to 
a dimeric one, built of pairs of atoms’. That 
prompted the precious Dirac points to merge 
and annihilate. With the intersections gone, 
the atoms got trapped in lower energy bands 
and were less free to move, confirming that the 
hexagonal laser lattice really had been mimick- 
ing the electronic structure of graphene. 

In January, Fabrice Mortessagne, a physi- 
cist at the University of Nice Sophia Antipolis 
in France, and his colleagues demonstrated 
another feat of distortion’. His group assem- 
bled hexagonal arrangements of millimetre- 
scale ceramic cylinders between two metal 
plates. They then pumped microwaves into the 
lattice. The waves became trapped there, and 
their movement mimicked the path of electrons 
in graphene. When the researchers squeezed 
the lattice in one direction, they found that 
the microwaves were trapped unexpectedly 
along the edges of the structure, which chal- 
lenges current theoretical descriptions of Dirac 
materials. The group suggests that similarly 
unexpected energy states will be observed for 
electrons in graphene once lab techniques have 
been developed to compress the material in one 
direction without breaking it. 
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Philip Kim, a physicist at Columbia Uni- 
versity in New York who was involved in 
the 2005 measurements that uncovered gra- 
phene’s unusual electronic properties, finds 
artificial graphenes exciting because they can 
be engineered to show effects expected in real 
graphene. But simply replicating graphene’s 
properties doesn’t grip everyone. “To mimic 
graphene sounds pretty boring scientifi- 
cally and a waste of time and resources,” says 
Antonio Castro Neto, director of the Graphene 
Research Centre at the National University of 
Singapore. “The objective of creating these 
artificial graphene-like lattices is to produce 
new systems that have properties that gra- 
phene does not have.” 

For example, he has predicted’ that etching 
ahoneycomb structure onto a semiconductor 
such as gallium arsenide could turn it into a 
topological insulator — a much-sought mat- 
erial that insulates in its interior but conducts 
superbly well on its surface, where exotic 
particles called Majorana fermions might 
emerge. These particles, which have been 
tentatively observed in one-dimensional 
nanowires, have a unique ability to encode 
quantum information by swapping locations 
with each other (see Nature 483, 132; 2012). 
Hexagonal gallium arsenide lattices have 
been made on large scales, but Castro Neto 
says that current methods of nanolithogra- 
phy should enable researchers to etch them 
at scales of 20 nanometres or less, fine enough 
to see the Majoranas. 

Although it will be a long time before artifi- 
cial graphenes can be used in quantum com- 
puting, Castro Neto doesn't rule out a pay-off 
for them. “I am always surprised that people 
find applications for things I thought would 
never be useful,” he says. = 
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CLARIFICATION 

We would like to clarify the following points 
about the News story ‘Disputed results a fresh 
blow for social psychology’ (Nature 497, 16; 
2013). 

@ Contrary to the story, unconscious thought 
theory, which is concerned with unconscious 
decision making, is not the same as 
intelligence priming. 

@ The story referred to the study by David 
Shanks (D. R. Shanks et al. PLoS ONE 8, 
e€56515; 2013) in which he was unable to 
replicate the ‘professor/hooligan’ intelligence- 


priming effect reported by Ap Dijksterhuis. 

We note that other researchers have observed 
Dijksterhuis’s intelligence-priming effect. 

@ Contrary to the story, Dijksterhuis has 
stated that he will provide a protocol to assist 
in replicating results in the field. He had not, 
however, provided such a protocol at the time 
that the story was published. 

@ As the story stated, there is no suggestion 
of fraud in Dijksterhuis’s research, and we 
are happy to emphasize that there is no 
suggestion that he has been involved in any 
misconduct. 


23 MAY 2013 | VOL 497 | NATURE | 423 
© 2013 Macmillan Publishers Limited. All rights reserved 


aS FEATURE 


424 | NATURE | VOL 497 | 23 MAY 2013 


© 2013 Macmillan Publishers Limited. All rights reserved 


BRAD SWONETZ/REDUX/EYEVINE 


FEATURE | NEWS 


OUTWARD BUUND 


eoeceeceee eee eee eee eee eee eee eee eee ee eee 


Ce 


Ed Stone has spent 36 years guiding the twin Voyager spacecraft 
through the Solar System. Next stop, interstellar space. 


BY ALEXANDRA WITZE 


he 44 notebooks lined up neatly in Ed Stone’s office span 
just halfa metre of shelf space. But inside these journals, in 
meticulous black printing, Stone has chronicled the longest 
journey that humans have ever launched. 
Since they left Earth in 1977, the twin Voyager spacecraft 
have conducted pioneering explorations of Jupiter, Saturn, 
Uranus and Neptune, revealing these gas giants and their moons to be 
far more active than scientists had expected. Now the two probes are 
cruising towards the edge of the Solar System — a boundary that has 
yet to be crossed by any emissary from Earth. 

Stone has chaperoned the Voyagers from their conception. He is the 
mission’ first and so far only project scientist, tasked with juggling the 
competing needs of the scientists who use the Voyagers’ instruments 
against those of the engineers that fly the craft. By all accounts, he has 
succeeded. “Somehow he got that discordant orchestra to play together,” 
says Andrew Ingersoll, a planetary scientist at the California Institute of 
Technology (Caltech) in Pasadena who was on the team as the space- 
craft flew past Jupiter and Saturn. 

To many, the Voyagers are synonymous with the unflappable Stone. 
The man and the mission are bound together, even as the probes enter 
yet another phase in their storied lifetime. Almost 19 billion kilometres 
from Earth, Voyager 1 is flirting with the edge of interstellar space, the 
medium between the stars. Last July, it saw the flood of charged particles 
from the Sun subside to a mere trickle — a sign that the spacecraft may 
soon break out of the Solar System. 

Stone, who is now 77, plans to be around when it happens. He is not 
about to dial back his legendary work habits — not as Voyager nears 
such a historic milestone, with its promise of provocative science. Sit- 
ting in his Caltech office, with the Voyager logs behind him, the trim, 
elfin physicist looks mildly astonished at any suggestion of retirement. 

Talking about his spacecraft, Stone could just as easily be describing 
his own drive. “What keeps Voyager still alive,” he says, “is that it’s still 
discovering.” 


ATOMIC AMBITIONS 
Stone grew up in Burlington, Iowa, a town on the Mississippi River 
where his father worked in construction and was always tinkering with 
machines. Young Edward devoured copies of Popular Science magazine 
and The Book of Knowledge, and taught himself to build radio receivers. 
The atomic age was well under way as Stone finished high school, and 
a teacher at his junior college told him about the world-renowned phys- 
ics programme at the University of Chicago, Illinois, home to nuclear 
pioneer Enrico Fermi. Off Stone went, planning to study nuclear phys- 
ics. But in October 1957, the launch of Sputnik inspired him to switch to 
space physics. For his graduate work, he helped to develop balloon- and 
satellite-borne detectors to track fast particles and cosmic rays stream- 
ing into Earth’s atmosphere from space. In 1964, that led to a research 
position — and then a faculty job — at Caltech, which was starting a 


space-physics group. 

His successful work on cosmic-ray detectors caught the eye of engi- 
neers at the Jet Propulsion Laboratory (JPL) in Pasadena, who were 
developing a mission initially called Mariner Jupiter-Saturn ’77. They 
recruited Stone in 1972 to serve as project scientist — the person who 
oversees a spacecraft’s scientific goals. 

The mission grew into the most ambitious planetary exploration ever. 
Its two probes would each survey the outer Solar System with 10 instru- 
ments and a radio-science experiment — a set of investigations more 
sophisticated than those carried out by the Pioneer 10 and 11 craft that 
had reached Jupiter and Saturn before them. 

The two spacecraft launched from Cape Canaveral, Florida, in August 
and September 1977, carrying golden records engraved with messages 
and recordings from Earth. En route to Jupiter, they were renamed Voy- 
ager 1 and Voyager 2. 

It was not all smooth sailing. The boom carrying the scientific instru- 
ments for Voyager 2 could not deploy fully after launch. And the main 
radio receiver on the same probe failed completely in the spring of 1978, 
forcing engineers to turn to a back-up system. 

Those and other glitches put added pressure on Stone, who had to 
coordinate between the principal investigators in charge of the instru- 
ments and the mission engineers who were troubleshooting the issues. 
He was the one who had to work out what science was achievable, given 
the constraints of the craft. 

The results started to pour in during 1979, when first Voyager 1, then 
Voyager 2, flew past Jupiter. They spotted sulphur volcanoes belching 
from Jupiter’s moon Io, as it was flexed by the giant planet’s powerful 
gravity. Passing by the moon Europa, the probes photographed long, 
dirty-looking fractures in its icy surface, a possible clue to a subsurface 
ocean that could harbour extraterrestrial life. And they discovered a 
plasma, with temperatures of hundreds of millions of degrees Celsius, 
enshrouding Jupiter’s magnetosphere. These and dozens of other finds 
now fill planetary-science textbooks. 

When the probes arrived at Saturn in 1980-81, they uncovered ‘shep- 
herd’ moons that herd the ice and dust in Saturn’s outermost ring, which 
turned out to havea strange kinked appearance. The Voyagers also stud- 
ied gigantic aurorae that swallowed much of the planet’s northern and 
southern poles. 

Next, mission controllers sent Voyager 1 on a trajectory out of the 
plane of the planets and towards the boundary with interstellar space. 
Voyager 2 sailed on to Uranus in 1986, where it found two new rings, 
ten new moons and an odd magnetic field oriented far away from the 

planet's rotation axis. Images taken of Miranda, 


> NATURE.COM the smallest and innermost of Uranus’s major 
Fora slideshow of moons, showed a strikingly complex face with 
Voyager history, a deep, chevron-shaped groove that hints at a 
visit: bizarre geological past. 

go.nature.com/cqffep When Voyager 2 reached the seemingly placid 
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Launched in 1977, the twin Voyager spacecraft have toured the outer planets 


” VOYAGER 1 


p> (centre) and are now hurtling towards interstellar space (bottom). At nearly 19 
Me billion kilometres from the Sun, Voyager 1 is in the process of leaving the 
Sun heliosphere, the region protected by the Sun's magnetic field (left). 
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blue disk of Neptune in 1989, it discovered winds blowing at 2,100 kilo- 
metres per hour, the fastest in the Solar System, which fuelled storms 
such as an Earth-sized Great Dark Spot. Scientists had not expected such 
violent atmospheric activity on a planet that receives just 0.1% of the 
solar energy that bathes Earth and drives its weather patterns. 

Stone is fond of saying that the Voyagers have returned 200% of the 
science he had expected: “We learned so much more than we possibly 
could have imagined” 


TEAM PLAYERS 

Voyager alumni say that Stone deserves a major share of the credit 
for that achievement. As project scientist, he has from the beginning 
chaired the science-steering group, which is composed mainly of the 
11 principal investigators. When the group could not agree on which 
observations to prioritize, Stone stepped in and made that decision — 
essentially choosing who would get to make discoveries. 

Hence his shelf of notebooks. By carefully recording everyone's input, 
Stone says, he let everyone know that he considered all perspectives. 
“We always knew he was fair,’ says Ellis Miner of the JPL, who was assis- 
tant project scientist for the Saturn, Uranus and Neptune encounters. 

In a shift from usual practice at the time, Stone forced Voyager 
23 MAY 2013 
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scientists to work across the clique-like teams that had sprung up 
around each of the 11 investigations. Before the Jupiter fly-by, he cre- 
ated overarching working groups around four key themes: moons, rings, 
atmosphere and magnetosphere. Each group was tasked with focusing 
on the scientific questions that could be answered by all of Voyager's 
instruments. This forced members of the instrument teams to talk across 
boundaries, Stone says, so that “I didn’t have to be a referee all the time”. 

Tension still cropped up. Stamatios Krimigis, the principal investi- 
gator for the instrument that measures low-energy charged particles, 
remembers one particular stand-off with the plasma-instrument group. 
Krimigis’s particle detector worked by rotating sensors to scan different 
parts of the sky, which shook the nearby plasma instrument and irritated 
the scientists in charge of it. Stone negotiated a compromise schedule: 
sometimes the particle instrument rotated quickly, sometimes it rotated 
slowly to reduce the vibrations, and at other times it remained still. “We 
were all in the end equally unhappy,’ says Krimigis, of the Johns Hopkins 
University Applied Physics Laboratory in Laurel, Maryland, and the 
Academy of Athens. “That's the sign of a good negotiator” 

After Voyager 2 left Neptune in 1989, the two craft earned a new name 
to reflect their next assignment: the Voyager Interstellar Mission (see 
‘Going, going..’). The title carried a fair dose of hope, given that no one 
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knew how long it would take to coast to the edge of the Solar System. 
In the intervening years, however, Stone had plenty to keep him busy. 
From 1991 to 2001 he served as director of the JPL, overseeing mis- 
sion successes such as the 1997 Pathfinder landing on Mars as well as 
spectacular failures such as the loss of both a Mars orbiter and a Mars 
lander that followed Pathfinder. It was the era of NASA’ ‘faster, better, 
cheaper approach to spacecraft, and Stone admits that the missions 
failed because the JPL pushed that ethos too far. 

After retiring from that hectic post, Stone returned to teach and do 
research at Caltech. Today, he rarely travels up the 210 freeway to Voy- 
ager mission control at the JPL. There is little need, because engineers 
carry out the daily tasks necessary to keep the probes healthy and in 
touch. Their job gets tougher every day: Voyager 2 is 15.2 billion kilo- 
metres from the Sun and Voyager 1 has reached 18.6 billion kilometres 
— more than three times the distance between the Sun and Pluto. 

One early morning in April, the team engages in an agonizingly slow 
conversation with Voyager 1. Engineer Roger Ludwig is testing a new 
command sequence that would allow Voyager to delay some tasks to bet- 
ter cope with the limits on Earth-bound communications. It took more 
than 17 hours for the commands to travel at light speed to the spacecraft, 
and a similar span for the response to return. Now, in the predawn hours, 
Ludwig is eager for the answer. 

A slow stream of numbers pops up on a pair of computer monitors, 
and Ludwig checks to see whether the sequence has worked. The results 
look promising, but the Voyager team will test the code several more 
times before making any changes. This long into the mission, engineers 
don’t want to make any silly mistakes. “We all feel like we're flying a 
national treasure,’ says Ludwig. 

That includes Stone, who has stuck with Voyager because he is eager 
for more discoveries. It has been a long wait since Neptune. The team 
has talked so many times about the impending departure into interstellar 
space that office doors around mission control are decorated with a photo 
of a forlorn-looking Voyager with the quote: “Whenever people stop 
paying attention to me, I pretend to leave the Solar System.” 


THE FINAL FRONTIER 

The exit has turned out to be more complicated than scientists had 
anticipated. Voyager 1 is somewhere near the edge of the heliosphere, 
the giant cocoon of charged particles from the Sun that surrounds the 
Solar System and protects the planets from the high-energy particles 
that streak through interstellar space (see Nature 489, 20-21; 2012). 

In December 2004, the low-energy-particles instrument on Voyager 1 
indicated that the solar wind had slowed abruptly, a sign that the craft 
had entered a turbulent boundary region surrounding the heliosphere. 

Then, in July and August 2012, the speed of the solar wind dropped to 
essentially zero even as Voyager began recording higher-energy parti- 
cles. Krimigis calls those changes “totally and completely unanticipated”. 
By themselves, they might suggest that Voyager 1 had crossed from the 
boundary region into interstellar space. 

But the science team has remained cautious because another expected 
signal has not yet appeared. When Voyager 1 enters interstellar space 
for real, Stone and others expect the orientation of the magnetic field 
to change from predominantly east-west (as driven by the Sun) to ran- 
domly changing directions. So far, data from Voyager 1’s magnetometer 
show essentially no change in the direction of the magnetic field. 

The team has struggled to make sense of these signals. One day in 
April, Stone wrinkles his forehead while looking over some plots of 
particle data. “We're now seeing what's outside, even though we're not 
outside,” he says. “The magnetic field says we haven't gone out yet.” He 
and other mission scientists think that Voyager 1 is on some kind of 
‘magnetic highway’ that connects the Sun’s magnetic field lines to those 
of interstellar space, allowing charged particles to enter the border zone. 
The team described the latest results in December at the American Geo- 
physical Union (AGU) meeting in San Francisco, California, and will 
report details in an upcoming suite of papers in Science. 

Stone works to keep tight control over the Voyager message. In March, 
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for example, he moved quickly to counter a press release from the AGU 
announcing that Voyager 1 had left the Solar System. It will leave when 
he says it does. 

At that point, the spacecraft will enter a realm completely new to 
science. The particle detector will measure galactic cosmic rays that 
are too weak to penetrate the heliosphere and enter the Solar System. 
Voyager's magnetometer will gauge the strength of the magnetic field 
between nearby stars for the first time. Scientists will finally get a 
glimpse of what truly deep space is like. 

The information coming back from Voyager 1 as it leaves the helio- 
sphere “is the only data we'll ever get from this region, and it’s incred- 
ible,” says Merav Opher, an astrophysicist at Boston University in 
Massachusetts, who is not part of the Voyager team. 

With the key transition so close, Stone is getting nervous. To make 
sure that scientists catch the change when it happens, he madea strong 
pitch for more coverage by the worldwide system of giant antennas 
known as the Deep Space Network. The mission is now getting as many 
as ten precious hours of antenna time daily. 


ENERGY CRISIS 

But Stone and his team know that they have limited time. Voyager 1 is 
124 times as far from the Sun as the Earth-Sun distance, and gaining 
3.6 of these astronomical units every year. Signals are steadily fading. 
Both spacecraft are powered by about 315 watts from the radioactive 


decay of on-board plutonium-based generators, but that power drops 
by about 4 watts every year. Of the 10 original instruments, five are still 
working on Voyager 2 and 
“WHENEVER PEOPLE STOP 32020. the p. 
have ebbed to the point that 
PAY| N F ATTE NTI 0 N 10 mission managers will have 
to start switching off more 
scientific instruments, one 
by one. The job of choos- 
THE SOLAR SYSTEM 8 ing which goes first will 
Stone says that he has not 
yet thought about which instruments to let die, should he be around 
to decide. 

By 2025, all the plutonium power will be gone, and the Voyagers will 
become lifeless hulks. They will probably never come as close to another 
star as they have been to the Sun, and their famous golden records will 

Yet Stone has no time to get nostalgic; there is more discovering to be 
done. Among other jobs, he serves as vice-chairman for the board of the 
Thirty Meter Telescope, which will be the world’s largest optical telescope 
when it is completed in the early 2020s on Mauna Kea, Hawaii. One day, 
its giant mirrors will gaze past the Voyagers towards distant star systems. 

Stone is also helping to develop Solar Probe Plus, a mission designed 
rate looping path that will take it past Venus seven times and then into 
a series of close solar encounters, swooping within 10 solar radii of the 
Sun's surface again and again. The probe's heat shield will protect it from 
temperatures of 2,000 °C, and its instruments will collect information 
about how and where the solar wind is born. 

Standing outside his office, Stone gazes at a bulletin board covered 
never been frustrated with exploration,’ he says. “I’ve been lucky to 
have the right thing to do, to be on projects that have been successful.” 

Solar Probe Plus is planned for a 2018 launch, which would put its 
first close encounter with the Sun in December 2024. By then Stone will 
be pushing 89. But even so, he would like to be around when the science 
starts streaming in — about the same time that the Voyagers will be fad- 


By 2020, the power will 
0 
| pp _ fall to the project scientist. 
drift mutely through space. 
to go closer to the Sun than any other spacecraft. It will follow an elabo- 
with printouts of the Sun’s activity over the past few solar cycles. “I’ve 
ing beyond communication into the cold cosmos. = 


Alexandra Witze reports for Nature from Boulder, Colorado. 
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The truth 


More and more studies show that being overweight does not always shorten 
life — but some public-health researchers would rather not talk about them. 


BY VIRGINIA HUGHES 


ate inthe morning on 20 February, provoking coverage in most major news 
more than 200 people packedan outlets — and a hostile backlash from some 
auditorium at the Harvard School _ public-health experts. “This study is really a 
of Public Health in Boston, _ pile of rubbish, and no one should waste their 
Massachusetts. The purpose of _ time reading it? said Walter Willett, a leading 
the event, according to its organizers, wasto nutrition and epidemiology researcher at the 
explain why a new study about weight and Harvard school, in a radio interview. Willett 


ILLUSTRATION BY GARY NEIL 


death was absolutely wrong. later organized the Harvard symposium — 
The report, a meta-analysis of 97 studies _ where speakers lined up to critique Flegal’s study 
including 2.88 million people, had been — to counteract that coverage and highlight 


released on 2 January in the Journal of the — what he and his colleagues saw as problems with 
American Medical Association (JAMA)'. _ the paper. “The Flegal paper was so flawed, so 
A team led by Katherine Flegal, an epidemiol- _ misleading and so confusing to so many people, 
ogist at the National Center for Health Statistics we thought it really would be important to dig 
in Hyattsville, Maryland, reported that people down more deeply,’ Willett says. 


deemed ‘overweight’ by international stand- But many researchers accept Flegal’s results 
ards were 6% less likely to die than were those and see them as just the latest report illustrat- 
of ‘normal weight over the same time period. ing what is known as the obesity paradox. 


The result seemed to counter decades of Being overweight increases a person’s risk 
advice to avoid even modest weight gain, of diabetes, heart disease, cancer and many 
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SOURCE: CHILDERS, D.K. & ALLISON, D.B. INT. J. OBESITY 34, 1231-1238 (2010). 


other chronic illnesses. But these 
studies suggest that for some peo- 
ple — particularly those who are 
middle-aged or older, or already 


sick — a bit of extra weight is not 10. - IW 88 GG GY 


particularly harmful, and may even 
be helpful. (Being so overweight 
as to be classed obese, however, is 
almost always associated with poor 
health outcomes.) 

The paradox has prompted much 
discussion in the public-health 
community — including a string 
of letters in JAMA last month? — 
in part because the epidemiology 
involved is complex, and eliminat- 
ing confounding factors is difficult. 
But the most contentious part of 
the debate is not about the science 
per se, but how to talk about it. 
Public-health experts, including 
Willett, have spent decades empha- 
sizing the risks of carrying excess 
weight. Studies such as Flegal’s are 
dangerous, Willett says, because 
they could confuse the public and 
doctors, and undermine pub- 
lic policies to curb rising obesity 
rates. “There is going to be some 
percentage of physicians who will not counsel 
an overweight patient because of this,” he says. 
Worse, he says, these findings can be hijacked 
by powerful special-interest groups, such as 
the soft-drink and food lobbies, to influence 
policy-makers. 

But many scientists say that they are 
uncomfortable with the idea of hiding or dis- 
missing data — especially findings that have 
been replicated in many studies — for the 
sake of a simpler message. “One study may 
not necessarily tell you the truth, but a bulk 
of studies saying the same thing and being 
consistent, that really is reinforcing,” says 
Samuel Klein, a physician and obesity expert at 
Washington University in St Louis, Missouri. 
“We need to follow the data just like the yellow 
brick road, to the truth” 


Probability of death 


THROWING A CURVE 

The notion that excess weight hastens death 
can be traced back to studies from the US 
insurance industry. In 1960, a thick report 
based on data from policy-holders at 26 life- 
insurance companies found that mortality 
rates were lowest among people who weighed 
a few kilograms less than the US average, and 
that mortality climbed steadily with weight 
above this point. This spurred the Metro- 
politan Life Insurance Company (MetLife) to 
update its table of ‘desirable weights, creating 
standards that were widely used by doctors for 
decades to come. 

In the early 1980s, Reubin Andres, who was 
the director of the US National Institute on 
Aging in Bethesda, Maryland, made headlines 
for challenging the dogma. By reanalysing 


In some studies, being overweight is associated with increased 


survival time, creating a U-shaped mortality curve. 
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who is 1.63 metres tall.) 

“Tt didn’t seem to be biologically 
plausible that overweight and 
obesity could both increase the 


Age 


Lowest mortality rate 
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risk of life-threatening diseases and 
yet lower mortality rates,” Manson 
says. The study proved, she says, 
that this idea “was more artefact 


The lowest mortality 
rate shifts towards 
heavier BMIs with 
increasing age. 
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actuarial tables and research studies, Andres 
reported that the relationship between 
height-adjusted weight and mortality follows 
a U-shaped curve. And the nadir of that curve 
— the weight at which death rates are lowest — 
depends on age (see “Weight watching’). The 
weights recommended by MetLife may be 
appropriate for people who are middle-aged, 
he calculated, but not for those in their 50s or 
older’, who were better off ‘overweight. It was 
the first glimmer of the obesity paradox. 
Andres’s ideas were roundly rejected by 
the mainstream medical community. In an 
often-cited JAMA paper’ published in 1987, 
for example, Willett and JoAnn Manson, an 
epidemiologist at the Harvard School of Public 
Health, analysed 25 studies of weight-death 
relationships and claimed that most were 
tainted by two confounders: smoking and 
sickness. Smokers tend to be leaner and die ear- 
lier than non-smokers, and many people who 
are chronically ill also lose weight. These effects 
could make thinness itself seem to bea risk. 
Manson and Willett backed up that idea in 
a 1995 report that analysed body-mass index 
(BMI) — the ‘gold-standard’ measure of 
weight, defined as weight in kilograms divided 
by height in metres squared — in more than 
115,000 female nurses enrolled in a long-term 
health study’. When the researchers excluded 
women who had ever smoked and those who 
died during the first four years of the study 
(reasoning that these women may have had 
disease-related weight loss), they found a 
direct linear relationship between BMI and 
death, with the lowest mortality at BMIs below 
19. (That is about 50 kilograms for a woman 
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than fact”. 

Around the same time, the world 
was waking up to obesity. Since 1980, 
rates of overweight and obesity had 
begun to rocket®*, and in 1997, 
the World Health Organization 
(WHO) held its first meeting on 
the subject, in Geneva, Switzerland. 
That meeting resulted in the intro- 
duction of new criteria for ‘normal 
weight’ (BMI of 18.5-24.9), ‘over- 
weight’ (BMI of 25-29.9) and ‘obese’ 
(BMI of 30 or higher). In 1998, the 
US Centers for Disease Control 
and Prevention (CDC) lowered its 

45 BMI cut-offs to match the WHO's 

classifications. “We used to call 

[obesity] the Cinderella of risk 

factors, because nobody was pay- 

ing attention to it,” says Francisco 

Lopez-Jimenez, a cardiac physician 

at the Mayo Clinic in Rochester, Minnesota. 
They were now. 


STATISTICAL SPARRING 

Flegal was one of those raising the alarm. At 
the statistics centre, which is part of the CDC, 
she has at her fingertips data from the agency's 
National Health and Nutrition Examination 
Survey (NHANES). Based on interviews and 
physical examinations of about 5,000 people 
a year, the NHANES has been running since 
the 1960s. Flegal and her colleagues used it to 
show that rates of overweight and obesity in 
the United States were climbing‘. 

In 2005, however, Flegal found that 
NHANES data confirmed Andres’s U-shaped 
mortality curve. Her analysis showed that 
people who were overweight — but not obese 
— had a lower mortality rate than those of 
normal weight, and that the pattern held even 
in people who had never smoked’. 

Flegal’s study got a lot of press, says Willett, 
because she works at the CDC and it seemed 
to be a sanction for gaining weight. “A lot of 
people interpreted this as being the official 
statement of the US government,’ he says. Just 
as they did earlier this year, Willett and his col- 
leagues criticized the work and put together a 
public symposium to discuss it. The academic 
kerfuffle drew a lot of negative media atten- 
tion to Flegal’s study. “I was pretty surprised 
by the vociferous attacks on our work,” says 
Flegal, who prefers to focus on the finer points 
of epidemiological number-crunching, rather 
than the policy implications of the resulting 
statistics. “Particularly initially, there were alot 
of misunderstandings and confusion about our 
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findings, and trying to clear those up was time- 
consuming and somewhat difficult.” 

Over the next few years, other researchers 
found the same trend, and Flegal decided to 
carry out the meta-analysis that she published 
earlier this year’. “We felt it was time to put 
all of this stuff together,” she says. “We might 
not understand what it all means, but this is 
what's out there.” Her analysis included all 
prospective studies that assessed all-cause 
mortality using standard BMI categories 
— 97 studies in total. All the studies used 
standard statistical adjustments to account 
for the effects of smoking, age and sex. 
When the data from all adult age groups 
were combined, people whose BMIs were in 
the overweight range (between 25 and 29.9) 
showed the lowest mortality rates. 

The Harvard group contends, however, 
that Flegal’s approach did not fully correct 
for age, sickness-related weight loss and 
smoking. They say that the effect would have 
vanished in younger age groups if Flegal 
had separated them out. They also argue 
that not all smokers have the same level 
of exposure — people who smoke heavily 
tend to be leaner than occasional smokers, 
for example — so the best way to remove 
smoking as a confounder is to focus on peo- 
ple who have never smoked. Willett points 
to one of his studies!°, published in 2010, that 
was not included in Flegal’s analysis because it 
did not use standard BMI categories. Analysing 
data from 1.46 million people, Willett and his 
colleagues found that among people who have 
never smoked, the lowest mortality occurs in 
the ‘normal BMI range, of 20-25. 

Flegal, in turn, criticizes the Willett study 
for scrapping large swathes of the raw data set: 
nearly 900,000 people in all. “Once you delete 
such large numbers, and they are really large, 
you don't quite know how the never-smokers 
in the sample differ from the others,” she 
says. Never-smokers could be richer or more 
educated, for example. What is more, says 
Flegal, Willett’s study relies on participants’ 
self-reported heights and weights, rather than 
objective measures. “It’s a huge deal,’ Flegal 
says, because people tend to underestimate 
how much they weigh. This could skew death 
risks upwards if, for example, people who are 
obese and at high risk say that they are merely 
overweight. 


HEALTHY BALANCE 

Many obesity experts and health biostatisti- 
cians take issue with the harsh tone of Willett’s 
statements about Flegal’s work. They say that 
there is merit in both Willett’s and Flegal’s stud- 
ies, that the two are simply looking at data in 
different ways and that enough studies support 
the obesity paradox for it to be taken seriously. 
“It’s hard to argue with data,” says Robert Eckel, 
an endocrinologist at University of Colorado 
in Denver. “We're scientists. We pay attention 
to data, we don't try to un-explain them.’ 
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What they are trying to explain is the reason 
for the paradox. One hint lies in the growing 
number of studies over the past decade show- 
ing that in people with serious illnesses such as 
heart disease, emphysema and type 2 diabetes, 
those who are overweight have the lowest 
death rates. A common explanation is that 
people who are overweight have more energy 


“WE NEED TO 
FOLLOW 


JUST LIKE THE 
YELLOW BRICK 
ROAD, TO THE 


reserves to fight off illness. They are like con- 
testants on the television show Survivor, says 
Gregg Fonarow, a cardiologist at the University 
of California, Los Angeles: “Those that started 
off pretty thin often don't come out successful.” 

Metabolic reserves could also be important 
as people age. “Survival is a balance of risks,” 
says Stefan Anker, a cardiology researcher at 
Charité Medical University in Berlin. “If you 
are young and healthy, then obesity, which 
causes problems in 15 or 20 years, is relevant,” 
he says. With age, though, the balance may tip 
in favour of extra weight. 

Genetic and metabolic factors may also 
be at play. Last year, Mercedes Carnethon, a 
preventive-medicine researcher at Northwest- 
ern University in Chicago, Illinois, reported 
that adults who develop type 2 diabetes while 
they are of normal weight are twice as likely to 
die over a given period as those who are over- 
weight or obese"’. Carnethon says that the 
trend is probably driven by a subset of people 
who are thin yet ‘metabolically obese’: they 
have high levels of insulin and triglycerides in 
their blood, which puts them at a higher risk 
for developing diabetes and heart disease. 

All this suggests that BMI is a crude measure 
for evaluating the health of individuals. Some 
researchers contend that what really matters is 
the distribution of fat tissue on the body, with 
excess abdominal fat being most dangerous; 
others say that cardiovascular fitness predicts 
mortality regardless of BMI or abdominal 
fat. “BMI is just a first step for anybody,’ says 
Steven Heymsfield, an obesity researcher 
and the executive director of the Pennington 
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Biological Research Center in Baton Rouge, 
Louisiana. “If you can then add waist circum- 
ference and blood tests and other risk factors, 
then you can get amore complete description 
at the individual level.” 

If the obesity-paradox studies are correct, 
the issue then becomes how to convey their 
nuances. A lot of excess weight, in the form 

of obesity, is clearly bad for health, and 
most young people are better off keeping 
trim. But that may change as they age and 
develop illnesses. 

Some public-health experts fear, how- 
ever, that people could take that message 
as a general endorsement of weight gain. 
Willett says that he is also concerned that 
obesity-paradox studies could undermine 
people’s trust in science. “You hear it so 
often, people say: ‘I read something one 
month and then a couple of months later I 
hear the opposite. Scientists just can’t get it 
right? he says. “We see that time and time 
again being exploited, by the soda industry, 
in the case of obesity, or by the oil industry, 
in the case of global warming.” 

Preventing weight gain in the first place 
should be the primary public-health goal, 
Willett says. “It’s very challenging to lose 
weight once youre obese. That's the most 
serious consequence of saying there’s no 

problem with being overweight. We want to 
have people motivated not to get there in the 
first place” But Kamyar Kalantar-Zadeh, a 
nephrologist at the University of California, 
Irvine, says that it is important not to hide 
subtleties about weight and health. “We are 
obliged to say what the real truth is,” he says. 

Flegal, meanwhile, says that the public’s reac- 
tion to her results is not her primary concern. 
“L work for a federal statistical agency,’ she says. 
“Our job is not to make policy, it’s to provide 
accurate information to guide policy-makers 
and other people who are interested in these 
topics.’ Her data, she says, are “not intended to 
have a message”. mSEEEDITORIALP.4I0 


Virginia Hughes is a science journalist based 
in New York. 
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Sea ice in the Arctic is more variable and mobile than it was 30 years ago, causing problems for shipping. 
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Arctic sea ice needs 
better forecasts 


Foster partnerships and share data to reduce hazards in 
fast-changing northern waters, says Hajo Eicken. 


s the Arctic sea ice begins to retreat 
A* summer, fleets of ships and drill- 
ing platforms are poised to enter 
the newly open waters. Each year, more of 
the region is accessible for longer. The seas 
freeze in the autumn several weeks later 
now than they did three decades ago’. The 
Arctic ice pack is on the verge of becoming 
seasonal. 
Fast-changing sea ice brings hazards. 
Last summer, exploratory oil drilling in 
the Chukchi Sea off Alaska was halted on 


the second day when an incursion of ice 
threatened the safety of personnel and 
vessels. Such events will become more com- 
mon as Arctic maritime activity grows and 
as the sea ice gets more variable and mobile’. 
With the area of permanent ice shrinking, 
social and environmental pressures will rise 
as people and animals compete for access’. 
Urgent action is needed to track changing 
conditions in the Arctic. Governments, agen- 
cies, indigenous peoples and the private sec- 
tor all recognize the urgency and are engaged 
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ina range of monitoring observations aimed 
at adaptation and mitigation. But, despite 
the partnerships that were built during the 
International Polar Year in 2007-08, current 
efforts are patchy. 

What is needed are joint data-manage- 
ment policies and integrated observation 
planning. That is what was agreed at the 
first Arctic Observing Summit — a meet- 
ing of Arctic stakeholders held earlier this 
month in Vancouver, Canada, to discuss 
better coordination of and collaboration 
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> for collecting and disseminating 
information. The question now is: what 
practical steps are needed to make this 
network real? 

The scale of challenges in the Arctic 
requires more than simply moving exist- 
ing approaches to the top of the world. New 
‘communities of practice’ must be fostered 
alongside tools and support structures that 
aid information sharing and interpretation 
for different users. 


FICKLE FLOES 

Mapping sea ice is technically challenging. 
In summer, pools of meltwater on the ice 
surface confuse the microwave satellites 
that track sea ice so that they record the 
wrong ice concentrations. Newly formed 
ice contrasts little with open water and 
can be mistaken for waves or foam. My 
collaborator Winton Weyapuk — an ice 
expert and hunter who is a member of the 
Inupiaq people from northern Alaska — 
typically reports ice forming in coastal 
waters days before satellites detect it. This 
discrepancy, caused in part by the low reso- 
lution of satellite images, could be calami- 
tous for maritime users. 

Predictions of melting, freezing and 
movements of sea ice are difficult in a rapidly 
changing Arctic. Most of the data informing 
predictive models were derived for thick, old 
ice, which dominated the ice pack until a few 
years ago. We know little about the physi- 
cal processes that govern the current mix of 
young (first year) and old ice. 

For instance, the seasonal melt of young 
ice, which absorbs more solar heat and is 
more mobile than old ice, has proven chal- 
lenging to predict. It is known to influence 
Earth’s climate, atmosphere and ocean sys- 
tem, but the precise natures of atmospheric 
feedbacks, ocean circulation and heat reten- 
tion are only now emerging and are difficult 
to model". The Arctic ice pack also responds 
rapidly to weather and currents”. Long-term 
forecasting of sea-ice retreat is thus inher- 
ently limited. 

Differing terminology and perspectives 
can bea problem. This was brought home 
to me last year at a workshop on sea-ice 
descriptions in Anchorage, Alaska, organ- 
ized by the Exchange for Local Observations 
and Knowledge in the Arctic. Geophysicists, 
ice experts from indigenous communities, 
maritime operators and agency personnel 
came together for two days to share informa- 
tion about the seasonal ice cycle. We exam- 
ined photographs, drew conceptual maps 
and reviewed scientific and local words for 
various types of sea ice. 

It soon became clear that many terms are 
easily confused. The stages of ‘new ice’ that 
are considered hazardous by regulators, safe 
to walk on by the Inupiaq people, detect- 
able through remote sensing or capable of 
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damaging coastal structures vary by days. 
Observations and predictions of sea ice 
therefore must be tailored to users. 
Shortage of data is not always a problem. 
For example, around half of the 45 marine- 
observation programmes on the US side 
of the Chukchi and Beaufort Seas produce 
sea-ice information or relevant oceano- 
graphic data, with some programmes yield- 
ing up to 20 data sets each. But many data 
sets are difficult to find and access, and do 
not include products of immediate use to 
people in the Arctic. The data producers are 
mixed: one-third is based in academia, one- 
third is overseen by government agencies, 
one-fifth is operated by industry and the 
remainder are from countries other than 
the United States. 
There is no single access point for Arctic 
data. Establishing one may not be neces- 
sary, as long as inter- 


“Combine operability and open 
sensor exchange between 
networks repositories can meet 
with bootson many users needs. But 
the ice and common priorities for 
boats in the Arctic monitoring still 
water.” need to be developed, 


including a set of pri- 
mary sea-ice variables that should be tracked 
as aminimum requirement. 

A consensus is emerging among research- 
ers that the data should at least include ice- 
thickness measurements from satellites and 
airborne surveys; records of ice-surface and 
ice-bottom melt; information from drifting 
sensors on the evolution of ice properties; 
and the quantification of late-summer ocean 
heat using autonomous sensors and remote 
sensing” ’. Studies of interactions between 
the ocean, sea ice and the atmosphere at 
drifting ice stations will help to improve our 
understanding of these drivers and changes 
while unravelling the importance of such 
processes for marine ecosystems. 

Observing strategies need to be aligned 
and streamlined. Existing efforts can help 
— such as the Arctic Council's initiative to 
catalogue various observing activities (called 
Sustaining Arctic Observing Networks, or 
SAON) and the Global Earth Observation 
System of Systems (GEOSS). But a broader 
approach to data gathering and dissemina- 
tion is needed so that social and ecosystem 
impacts can also be addressed. 

Translating the needs of Arctic users into 
scientifically tractable questions can be a 
first step toward broadening collaborations. 
The Arctic Sea Ice Outlook’, a compilation 
of seasonal projections for the minimum 
extent of Arctic sea ice, for example, is 
moving beyond its academic origins to 
develop tools that are useful to govern- 
ments, companies and the public. Last year, 
for instance, near-real-time estimates of ice 
thickness improved predictions of lingering 
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sea ice in the North American Arctic’. 

It is crucial to sustain observations and 
data sharing for the long term. International 
coordination of funding to maintain vital 
observing programmes is lacking, however, 
despite its importance for maritime safety in 
the Arctic. 


ARCTIC CROSSROADS 

New partnerships and processes are needed 
to track and predict sea ice. National weather 
and ice services and the World Meteorologi- 
cal Organization (WMO), based in Geneva, 
Switzerland, have a track record and should 
play an important part. But the impetus has 
to come from a broader base, including all 
Arctic stakeholders. The following steps are 
needed. 

First, the priorities of Arctic scientists 
and other users must be defined for sea- 
ice observation, prediction variables and 
regions of interest. These must ensure safe 
maritime operations and protect ecosystem 
services and habitats. Observations and 
predictions should target ice-associated haz- 
ards, such as the remnants of old, thick ice or 
highly dynamic regions, as well as services 
that the ice provides, such as a platform for 
marine mammals and people. 

The standard products released by ice and 
weather services will not fit this bill. Users 
must identify which aspects of the ice are 
most important to them. It may be the dis- 
tribution of rotten, sparse ice that supports 
colonies of walruses and seals during the late 
spring, or the degrees of ice morphology, 
roughness and thickness that allow people 
safe passage across it. 

Second, studies of ice processes must 
be carried out in a much more dynamic, 
meltwater-dominated Arctic Ocean envi- 
ronment. In the past, perennial ice served 
as an ideal platform for drifting sensors and 
field camps. The transition to seasonal ice 
requires amphibious drifters and autono- 
mous airborne or submarine vehicles to do 
the same tasks. 

Sea-ice models and remote-sensing 
algorithms will have to consider the decay 
of seasonal ice through the summer. Inter- 
disciplinary field campaigns that combine 
sensor networks with boots on the ice and 
boats in the water can explain how the pulse 
of seasonal meltwater affects ice properties, 
mechanics and related ecosystems as well as 
threats to offshore structures. 

Third, to translate these priorities into 
viable programmes we need a forum to link 
experts from different stakeholder groups’. 
Governments and agencies, industry and 
private foundations should provide sus- 
tained funding to put efforts such as the 
Arctic Observing Summit on a solid founda- 
tion, administered by SAON and the Inter- 
national Arctic Scientific Committee. 

Pressing next steps include the adoption 
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ofa policy that promotes rapid, open access 
to observing data, following the protocols 
developed in the International Polar Year’. 
Frameworks for helping to plan and coor- 
dinate long-term observing activities across 
the scientific community and other sectors 
need to be established. 

The community-based observing net- 
works from the International Polar Year, 
which focus on variables related to local 
environmental threats or benefits, are a 
good start. But to be accessible to others, 
these data should be entered into wider net- 
works such as those of the WMO. Similar to 
the practice of joint resource management”, 
the scientific community, stakeholders and 
decision-makers all need to be included in 
governance from the outset to help ensure 
relevance and efficiency. 

Opportunities remain for the private 
sector to contribute to such collaborative 
networks. Offering up commercial vessels 
or infrastructure as platforms for scientific 
observations, sharing data and engaging the 
research community in the planning stages 
of industry observing programmes would go 
along way towards establishing a ‘network 
of networks. 

Last month, I was fortunate to be out ina 
small boat off Toksook Bay in Alaska with ice 
experts and hunters from the Yupik people. 
We were surrounded by jagged, fast-moving 
chunks of ice that, to me, seemed hostile. To 
my companions, it was all in a day’s work. 
I recalled a sentiment I had heard from a 
marine-mammal expert in Barrow, more 
than 1,000 kilometres farther north, where 
the ice is now unstable. He stated that the 
key to adapting to increasingly dynamic ice 
is to learn from those to the south, such as 
in Toksook Bay. The charge to the scientific 
community is to help to create a foundation 
for such mutual learning to occur. = 
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Six red flags for 
suspect work 


C. Glenn Begley explains how to recognize the 
preclinical papers in which the data won’t stand up. 


few months ago, I received a 
desperate e-mail from a postdoc- 
toral scientist. Researchers — 
including me and my colleagues — had 
just reported that the majority of preclini- 
cal cancer papers in top-tier journals could 
not be reproduced, even by the investigators 
themselves’”. The postdoc pleaded with me 
to identify those papers, saying: “I could be 
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wasting my time working on that project” 
This was true, but we had signed confiden- 
tiality agreements that prevented us from 
revealing the specific papers. Furthermore, 
identifying them would not address the 
broader, systemic issues in research and 
publishing that create a plethora of papers 
that don't stand up to scrutiny. 

There were some glaring differences > 


23 MAY 2013 | VOL 497 | NATURE | 433 


> between the 90% of papers that we could 
not reproduce and the few papers that we 
could. In our initial exercise’, we contacted 
researchers whose work we were unable to 
reproduce to discuss discrepancies. Occasion- 
ally, experiments were repeated by the origi- 
nal authors — the most dramatic results came 
from investigators who could not reproduce 
their own work, when performed in their own 
laboratory, using their own reagents. The only 
difference the second time was that they had 
to perform the experiments blinded. 

Many of the investigators whose work 
could not be reproduced were, however, pre- 
pared to honestly describe their experimental 
approaches to us in confidence. These non- 
reproducible papers 
shared a number of 


iT9 
features, including Many of these 
inappropriate use of fi sited 
key reagents, lack of identified and 
positive and negative expunsg' ed 
controls, inappropri- fi rom clinical 
ate use of statistics Studies 


and failure to repeat decades ago.” 


experiments. If 
repeated, data were often heavily selected to 
present results that the investigators ‘liked: 
These, we found, are common flaws of non- 
reproducible papers, which apply to all 
basic biological research. Addressing them 
during the writing, editing and reviewing 
of research could go a long way towards 
creating a more robust scientific enterprise. 
So, here are six questions that every author, 
editor, reviewer and reader should ask them- 
selves when evaluating a research paper. 


SIX QUESTIONS 
Were experiments performed blinded? It is 
much easier to obtain the result that makes 
the best story and that best fits a hypoth- 
esis when experiments are performed by 
unblinded investigators. So, first, check the 
methods and figure legends. For instance, 
animal studies, in vitro work and reading of 
gels — which are used in protein or DNA 
separation — can and should all be done, or 
at the very least reviewed, by an investigator 
blinded to the experimental versus control 
groups. Even rare lone investigators can 
introduce some level of blinding. It is unu- 
sual to find blinded studies in basic research 
in top-tier journals. If experiments are per- 
formed blinded, it increases the likelihood 
that the work will stand the test of time. 
Were basic experiments repeated? This is 
crucial to know in any study. Unfortunately, 
repetitions are seldom performed. Western 
blotting (a technique that uses antibod- 
ies to detect specific proteins in a mixture) 
and similar analyses are often performed 
only once, and when the desired result is 
obtained, that result is shown. Studies using 
RNA interference frequently show the results 
ofa single experiment. Often only one or two 
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cell lines are examined. If reports fail to state 
that experiments were repeated, be sceptical. 

Were all the results presented? Inap- 
propriate data selection is a crucial issue. 
Most western blots show only a sliver of 
the gel with the majority of bands cropped. 
Although many of these cropped bands may 
be extraneous, their removal falsely implies 
that the antibody could detect only the 
desired protein, which is rarely the case. In 
addition, size standards are often not shown. 
Without them, the reader cannot have any 
confidence that the bands identified are 
even remotely of the correct size. It can be 
valuable to compare the results of other 
experiments in the paper that used the same 
antibody: the pattern of bands should be the 
same across experiments. 

It is always beneficial to cross-check 
images. Since the Journal of Cell Biology 
began routinely screening images, it has had 
to revoke 1% of acceptances after finding 
digitally manipulated image files*. Beware 
the ‘typical result’; ask to see all of the results. 
One investigator admitted to us that he 
selected the one atypical result that supported 
his hypothesis and ignored the majority of 
experiments that did not. 

Were there positive and negative 
controls? Often in the non-reproducible, 
high-profile papers, the crucial control 
experiments were excluded or mentioned as 
‘data not shown Yet it is impossible to evalu- 
ate data properly without reviewing the con- 
trols. Another common practice is to show 
photos of gels that are over-exposed and well 
outside the linear range of the film. Over- 
exposure of the controls makes it impossible 
to assess the relative amounts of total mate- 
rial being compared. When arguing that 
there is a difference between samples in the 
intensity of a specific signal, it is crucial to 
know that equivalent amounts of total sam- 
ple were compared. But with over-exposed 
controls, that difference is obscured, and 
an alleged difference between samples may 
simply be the consequence of loading more 
total sample. A publication that hides the 
controls should be viewed with caution. 

Were reagents validated? Several errors 
are common here. Of course, it is vital to 
know that the selected antibodies detect only 
the antigen under study. Yet, typically, the 
crucial western blot (showing only a single 
band) or other analyses that validate the rea- 
gent are not shown. Instead there is often a 
reference to an earlier paper, which does not 
show the essential data either. There are also 
examples of investigators using an antibody 
even when the manufacturer declares it unfit 
for that particular purpose. Experiments 
with small-molecule inhibitors are particu- 
larly problematic. Investigators choose to 
attribute the desired effect to their favourite 
molecule, ignoring the multiple other targets 
affected by the inhibitor, or consign the key 
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experiments that allegedly demonstrate their 
lack of relevance to ‘data not shown’. 

Were statistical tests appropriate? 
Improper statistical analysis is commonly 
seen in animal studies, in which results are 
collected over a long time. On such a time 
curve, two points may be highlighted and 
declared to be significantly different from 
points on the control curve, even though 
the totality of the two curves is essentially 
the same. Check that the statistical test has 
been applied to the whole curve, rather than 
just to selected points along it (the position 
of the asterisk marking the statistical P value 
is an important clue)‘. 

Remarkably, these six flaws are common 
to many papers, even those that we did not 
include in our original analysis. As an infor- 
mal exercise, I recently thumbed through the 
pile of high-profile journals on my desk: the 
vast majority included at least one paper — 
and often more — that contained one or more 
of the basic flaws outlined here. What is also 
remarkable is that many of these flaws were 
identified and expunged from clinical stud- 
ies decades ago. In such studies it is now the 
gold standard to blind investigators, include 
concurrent controls, rigorously apply statisti- 
cal tests and analyse all patients — we cannot 
exclude patients because we do not like their 
outcomes. 

Why do we repeatedly see these poor- 
quality papers in basic science? In part, it is 
down to the fact that there is no real conse- 
quence for investigators or journals. It is also 
because many busy reviewers (and disappoint- 
ingly, even co-authors) do not actually read the 
papers, and because journals are required to 
fill their pages with simple, complete ‘stories: 
And because of the apparent failure to recog- 
nize authors’ competing interests — beyond 
direct financial interests — that may interfere 
with their judgement. 

Every biologist wants and often needs to 
get a paper into Nature or Science or Cell, yet 
the scientific community fails to recognize 
the perverse incentive this creates. Some 
of these issues could be readily addressed 
by publishing only blinded, replicated and 
appropriately controlled preclinical experi- 
ments. Isn’t that what my postdoc colleague 
expected we were doing already? m 
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DRUG DISCOVERY 


Albert Hofmann holds a model of an LSD molecule. 


Synthesized 


dreams 


Mike Jay contemplates the chemical legacy of Albert 
Hofmann, who first synthesized LSD 75 years ago. 


Ibert Hofmann never had a rational 
Aces for his discovery of the 

effects of lysergic acid diethylamide 
(LSD), the ‘eureka moment that changed his 
life. He first synthesized the hallucinogen in 
1938, in the laboratory of pharmaceuticals 
company Sandoz in Basel, Switzerland, while 
searching for a cardiovascular stimulant 
based on ergot, a grain fungus. However, it 
had shown no particular promise. Five years 
later, a “peculiar presentiment” prompted 
him to recreate the molecule, after which he 
noticed a feeling of slight dizziness anda mild 


psychoactive effect. 

To test whether this had been caused by 
accidental absorption, three days later Hof- 
mann took what he imagined would be an 
almost imperceptible 250-microgram dose. 
By the time he hopped on his bicycle to go 
home, he found himself taking the ride of 
his life, entering a hallucinatory landscape of 
“kaleidoscopic, fantastic images”. The mod- 
ern psychedelic era had begun, although 
Hofmann had no inkling of the social revo- 
lution his discovery would foment. 

The classic account of that legendary 
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LSD: My Problem Child and Insights/ 
Outlooks 

ALBERT HOFMANN (TRANSLATED BY JONATHAN OTT) 
Oxford University Press: 2013. 248 pp. £24.99 


Mystic Chemist: The Life of Albert Hofmann 
and His Discovery of LSD 

DIETER HAGENBACH AND LUCIUS WERTHMULLER 
Synergetic Press: 2013. 408 pp. $49.95 


bicycle trip appears in Hofmann’s memoir, 
LSD: My Problem Child, first published 
in German in 1979. An English edition 
from 1980 was withdrawn after publisher 
McGraw-Hill decided that books about 
psychedelic drugs should not be on its sci- 
ence list. The memoir is now republished as 
a new English translation by Jonathan Ott, 
together with Insights/Outlooks, a collection 
of Hofmann’s philosophical essays that first 
appeared in German in 1986. 

Ott’s translation joins another classic, 
Hofmann’s Plants of the Gods (McGraw- 
Hill, 1979), the book on the botany and 
chemistry of plant hallucinogens he co- 
authored with eminent botanist Richard 
Schultes. Together with the abundance of 
valuable photographs and original docu- 
ments offered in an uncritical biography of 
Hofmann, Mystic Chemist, these constitute 
an admirable summation of Hofmann’ life 
and the extraordinary chemical vistas he 
opened up. 

LSD: My Problem Child reminds us that the 
first generation of LSD pioneers were cultural 
conservatives. The tone of their investiga- 
tions is captured in the evocative group pho- 
tos in Mystic Chemist of industrial chemists 
in grey flannel suits and with Brylcreemed 
hair. The drug’s biochemistry — now known 
to act on serotonin receptors — was a mys- 
tery to them. However, its powerful effects 
on perception and cognition (such as mak- 
ing walls seem to ripple and time to stretch 
out) were found to be similar to those of mes- 
caline, which was isolated from the peyote 
cactus in 1897. Mescaline had been widely 
studied by physiologists and psychiatrists, 
and by writers such as Aldous Huxley, who 
documented his experiments in The Doors 
of Perception (Harper & Brothers, 1954) and 
later befriended Hofmann. 

Among this coterie, psychiatrists such as 
Humphry Osmond saw LSD as a means of 
investigating the biochemical basis of schiz- 
ophrenia. The Central Intelligence Agency 
(CIA) was also testing it covertly as a brain- 
washing tool, recklessly administering it to 
unwitting subjects for as many as 77 suc- 
cessive days. Unlike some of his associates, 
Hofmann staunchly refused to cooperate 
with the CIA. 

The emerging California countercul- 
ture seemed shallow and degenerate to this 
group. Hofmanns lifelong mentor, author 
Ernst Jiinger, wrote, “I can't agree with Hux- 
ley’s idea that the masses could be given the 
opportunity for transcendence.” The > 
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> flashpoint came with psychologist 
Timothy Leary’s buccaneering drug exper- 
iments that eventually saw him expelled 
from Harvard University in Cambridge, 
Massachusetts. In January 1963, Sandoz 
received an order from Leary for 100 
grams of LSD, enough fora million doses. 
Hofmann referred the request to the US 
Food and Drug Administration and noted 
that Leary was courting media publicity 
“that can only be injurious to the scientific 
clarification of questions connected with 
the use of these substances”. 

Sandoz returned Leary’s cheque and 
in 1966 withdrew LSD from the market, 
where it had been in steady demand for 
neurological research and psychiatric 
use. The vacuum was swiftly filled by 
underground chemists, who turned out 
pills and LSD-soaked blotters at strengths 
that Hofmann considered a massive over- 
dose. But there was no turning the tide. 

Hofmann continued to work on the 
chemistry of ergot alkaloids, on which he 
became the world’s leading authority, and 
rose to deputy managing director at San- 
doz. The next 50 years of his life, as Mys- 
tic Chemist doggedly relates, was largely 
swallowed up by a procession of ethnog- 
raphers, botanists, psychiatrists, shamans 
and politicians, seeking his wisdom and 
showering him with honours. 

LSD has been many things to many 
people, but for Hofmann its core mes- 
sage was that objective reality “is in facta 
subjective image”. By enhancing idiosyn- 
cratic perceptions and ideas, it allows us 
to create our own reality. In Hofmann’s 
case, it returned him to the radiant child- 
hood vision of nature that had led him to 
study chemistry in the first place. Among 
his touchstones were the spirit-infused 
Naturphilosophie of author Johann Wolf- 
gang von Goethe, the poetry of Johann 
Christoph Friedrich von Schiller and 
Rainer Maria Rilke and the alchemical 
insights of his Swiss compatriot Para- 
celsus, all enveloped in a mystical Chris- 
tian revelation that he was “united with 
the Creation, as a part of the Universe”. 

After 42 years at Sandoz, Hofmann 
retired in 1971 to his alpine home on the 
Swiss-French border, writing of coming 
full circle to the high meadows of the Jura 
Mountains, “with the same flowers, and 
the same view into the distance”. = 
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Wolves are among the species that people are seeking to restore to their former habitats. 


Into the (re)wild 


Shahid Naeem examines the seductive concept of 
repopulating habitats with locally extinct species. 


conservationist John Muir asserted that 

“wildness is a necessity”. Environmental 
journalist George Monbiot agrees, but in 
Feral we discover just how challenging it can 
be to fulfil that need. 

Monbiot starts by recounting his adven- 
tures during the 1980s gold rush in the Bra- 
zilian state of Roraima, among murderers, 
desperate miners and the Yanomami tribe’s 
faith healers. Far from showing bravado, 
these tales reveal how negligence, inaction 
and greed have led to environmental dev- 
astation in the region. 
After six years, Mon- 
biot returns home to 
Wales to find himself 
“living a life in which 
loading the dish- 
washer presented an 
interesting challenge”. 
Burdened with angst, 
he looks to wilder- 
ness as an antidote to 
a descent into a “small 
and shuffling life”. 


I nhis 1901 book Our National Parks, early 
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similar to those that are devastating the Bra- 
zilian wilderness. He uses his home territory 
as a microcosm to explore ‘rewilding’ — the 
process of reintroducing locally extinct spe- 
cies — and elevates this from a paradigm in 
conservation science to a major environmen- 
tal issue. He goes even further, envisioning 
rewilding as a way to revitalize imprisoned 
human sensibilities by restoring the endless 
source of delights, surprises, adventures and 
thrills that wilderness provides. 

Rewilding seems simple: let jaguars roam 
the American West and rhinos repopu- 
late the Nepalese—Indian border, or allow 
wolves, lynxes, wildcats, wolverines, beavers, 
boars and even moose to return to Wales. 
Yet Monbiot discovers that rewilding is not 
a straightforward process. 

For a start, which species should be prior- 
itized? Some were hunted to extinction not 
long ago — for example, boars in the thir- 
teenth century. Others, such as moose and 
wolverines, disappeared thousands of years 
ago for unknown rea- 
sons. Should we go 
back to the Pleisto- 
cene epoch (which 
ended some 12,000 
years ago) and use 
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African substitutes to bring back the hippos, 
rhinos, hyenas, lions and elephants that once 
populated Europe? Who bears responsibility 
if released animals introduce disease, dam- 
age crops, attack pets, kill livestock or maul 
humans? 

And how do we define the ‘wilderness’ on 
which rewilding is based? Monbiot fails to do 
So, yet is exasperated by policies that desig- 
nate sheep pasture as ‘wilderness’ or promote 
tree removal as ‘wilderness management. 

In The Idea of Wilderness (Yale University 
Press, 1991), philosopher Max Oelschlaeger 
notes that the concept did not arise until 
humanity began to imagine itself as dis- 
tinct and insulated from nature. Wilderness 
became those vestiges of our dominion that 
await clearing. To combat this definition, 
many conservation arguments now have a 
utilitarian perspective, portraying wilder- 
ness as habitat that serves humanity in ways 
that farms, pastures and plantations cannot. 
Wild areas prevent soil erosion, provide 
homes for pollinators and act as sources of 
food, medicine and more. 

Whatever the motivation, some feel that 
rewilding could re-energize conserva- 
tion science. Wildlife biologist Tim Caro, 
for instance, sees the process as galvaniz- 
ing a science “of documenting population 
declines, species losses and habitat destruc- 
tion in excruciating detail but sadly doing 
little about it”. Caroline Fraser's Rewilding the 
World (Metropolitan Books, 2009) and Dave 
Foreman’s Rewilding North America (Island 
Press, 2004) echo this idea. Monbiot, how- 
ever, sees the prime purpose of rewilding as 
a cure for ecological ennui. 

At one point, Monbiot sets out to sea in his 
kayak to catch a longfin tuna, a fish reported 
to be returning to the region. The weather 
unexpectedly turns lethal, but Monbiot 
survives to reflect on what he describes as 
the idiocy of being lured into such danger 
and neglecting his duty to his daughter and 
partner. His repentance is short-lived, and 
another adventure soon tempts him back to 
nature. 

Monbiot’s prowess at wild fishing is as 
impressive as the fact that he survived cere- 
bral malaria, beatings by military guards and 
being stung into a coma by wasps. But Feral 
made me uncomfortable. Rewilding is too 
often misconstrued by the public as a science 
by and for animal lovers and thrill-seekers. 
Although Monbiot covers the issues admi- 
rably, his passion for peril could confuse the 
central value of rewilding. The subject may 
be a cure for ecological boredom, but its 
power to invigorate the imagination needs 
to be tethered to the goal of attaining a more 
robust future for us and our fellow species. m 


Shahid Naeem is professor of ecology at 
Columbia University, New York, USA. 
e-mail: sn2121@columbia.edu 


Books in brief 


Farewell to Reality: How Fairytale Physics Betrays the Search for 
Scientific Truth 

Jim Baggott CONSTABLE 352 pp. £12.99 (2013) 

“What evidence do we have for super-symmetric ‘squarks’?” asks 
science writer Jim Baggott, bemoaning the untestable speculative 
theories of theoretical physics. But this is more than an energetic 
drubbing of them. Baggott thoroughly analyses the cracks in the 
authorized version of reality (such as the disjunct between quantum 
theory and general relativity) and equally problematic explanations, 
such as superstring theory. The big questions, he argues, demand 
context-awareness, and the courage to make doubts public. 


Hans Christian Orsted: Reading Nature’s Mind 

Dan Charly Christensen OXFORD UNIVERSITY PRESS 768 pp. £39.99 
(2013) 

Charles Darwin may have found Hans Christian Orsted’s 
philosophical tract The Soul in Nature “dreadful”, but the nineteenth- 
century Danish physicist and chemist discovered electromagnetism, 
kicking open the door for Michael Faraday, James Clerk Maxwell, 
and a sprawling technoscape of invention. In this powerhouse of a 
biography-cum-science-history, historian Dan Charly Christensen 
reveals Orsted as a brilliant, multifaceted figure — scientist, post- 
Kantian philosopher, educator and physical aesthetician. 


Scatter, Adapt, and Remember: How Humans Will Survive a Mass 
Extinction 

Annalee Newitz DOUBLEDAY 320 pp. $26.95 (2013) 

Ever since the ‘Snowball Earth’ glaciations 2.3 billion years ago, 

life has squeaked through mass extinctions. Annalee Newitz 
examines how humans might survive the next one. Skipping through 
catastrophe research, she then explores how Homo sapiens has 
survived plagues, famines and more — harnessing everything from 
basic adaptability to pandemic surveillance and geoengineering. 
Together these tools and abilities are, notes Newitz, indicators of our 
phenomenal capacity to survive the unthinkable. 


The Summits of Modern Man: Mountaineering After the 
Enlightenment 

Peter H. Hansen HARVARD UNIVERSITY PRESS 392 pp. $35 (2013) 

In this treatise on peak bagging and its post-Enlightenment 
significance, Peter Hansen unearths stories with a crampon-like 
grip. We meet star summiteers such as Michel-Gabriel Paccard 
and Jacques Balmat, who both ascended Mont Blanc in 1786; 
nineteenth-century ‘golden age’ alpine mountaineers like physical 
scientist John Tyndall; and Edmund Hillary and Tenzing Norgay on 
Everest. But with today’s retreating glaciers, Hansen reminds us that 
the idea of what it means to ‘conquer’ nature needs reconfiguring. 


Consolations of the Forest: Alone in a Cabin in the Middle Taiga 
Sylvain Tesson (translated by Linda Coverdale) ALLEN LANE 256 pp. 
£16.99 (2013) 

Six months in a hut on the shores of Siberian “cauldron of evolution” 
Lake Baikal spawned Sylvain Tesson’s vivid memoir, part meditation 
on stupendous nature, part psychological experiment. This is total 
immersion in the seasonal minutiae of an extreme environment. 
Raw joys abound, from encounters with solitude-crazed 
meteorologists and foraging bears to the illumination of cracks in 
the mighty lake’s ice and the interiorities of his own musing mind. 
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| COMMENT | BOOKS & ARTS 


Totally Random? by David Spiegelhalter and Mike Pearson challenges the viewer to find a pattern. 


STATISTICS 


Charting chance 


Anthony King tries his luck at a casino that lays bare 
the psychology of risk-taking. 


isk is a constant in our lives, perme- 
R ating everything from allowing your 
child to walk to school alone to snow- 
boarding late in the season. Risk Lab, the new 
exhibition at Dublin's ever-inventive Science 
Gallery, offers ample opportunities to explore 
this nexus of psychology and statistics. 
Enter the exhibition’s geeked-up casino 
and venture into the world of scientific gam- 
bling, with gallery staffon hand to help with 
the maths. Downstairs, you can puzzle out 
probabilities by playing roulette and poker or 
taking in themed artworks, such as one that 
challenges you to spot anon-random pattern 
among nine pictures of coloured squares. 
Upstairs, computers mocked up as slot 
machines offer psychological tests in a variety 
of activities that feature a large element of risk. 
A central message in Risk Lab is that most 
of us use gut feelings rather than cerebral 
churning to do the sums when assessing risk. 
As Science Gallery events manager Ian Brun- 
swick points out, intuition is generally plan 
A. “Humans are terrible at understanding 
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statistics and evaluat- 
ing risk and chance,” 
he says. Superstar 
statisticians can eval- 
uate risks in elections, 
baseball, financial 
crashes and poker, but their analyses involve 
wading through banks of data. Most people 
paddle at the margins, says one of the exhi- 
bition’s curators, David Spiegelhalter, who 
studies the public’s understanding of risk at 
the University of Cambridge, UK. Emotions 
do the rest: a psychological aversion to flying 
often leads people to rate air travel as high- 
risk, even when they know that it is statisti- 
cally much safer than driving. 

The prime role of emotion in assessing 
and taking risks is shown by a strap-on 
biosensor device that you can wear while 
playing poker and which measures stress 
indicators such as sweat and heart rate. A 
poker face wont work here: physiological 
measurements are displayed for all to see 
in the form of a chair tottering off a diving 


RISK LAB 

SC GALLERY, 
DUBLIN 
Dublin, Ireland. Until 
23 June 
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board on a TV screen. “We are trying to 
explore both sides of risk: the cool, rational 
side, and how we feel about it,” says Spiegel- 
halter. 

Daniel Kahneman’s book Thinking, Fast 
and Slow (Farrar, Straus and Giroux, 2011) 
was a major inspiration for Risk Lab, says 
gallery director Michael John Gorman. In 
this work, the Nobel-prizewinning econo- 
mist demonstrates that powerful emotions 
make us overestimate the probabilities of 
events that have minuscule odds, such as 
terrorist attacks. “There's the basic question 
of why people are more frightened of sharks 
than diabetes,” says Gorman. “We are trying 
to get to people’s instinctive fears.” 

On the one-armed bandits, visitors can 
participate in five psychology experiments 
that pose ethical, practical and monetary 
conundrums. Particularly resonant in our 
era of potential pandemics is the exhibition's 
Risky Rights and Wrongs, a classic psychol- 
ogy experiment set up by Mary Parkinson 
and Ruth Byrne of Trinity College Dub- 
lin, which probes the moral implications 
of public-health choices. Visitors observe 
John; a protagonist confronted with two dif- 
ferent options for combating an influenza- 
like disease — one that will definitely save 
some lives, and a second that has a chance 
of saving more lives but runs the risk of sav- 
ing no lives and for which probabilities are 
provided. The experiment has two versions, 
which differ in how the options are worded, 
but give the same probabilities for saving or 
losing lives. 

When participants are asked to try to save 
lives, they tend to be risk-averse and choose 
the definite option; when the options are 
rephrased and they are asked to prevent lives 
being lost, they choose the probabilities. This 
experiment investigates how people assess 
the morality of the risky choices of others. 
Subtle changes in word choice that alter the 
way a situation is framed can catch us out. 

Another slot-machine study, Price Your 
Vice, explores whether people are more 
impulsive with their money or their vices, 
such as drinking and smoking, and ignore 
the future to live in the present. Visitors are 
offered various options to accept or delay 
rewards, but unbeknown to them, their 
mouse movements are tracked to gauge their 
certainty as they choose. “Distorted decision- 
making kills more people than anything else 
in the world,’ says Denis O’Hora, a psychol- 
ogist involved in this study at the National 
University of Ireland, Galway. Heart disease, 
respiratory disease, liver disease, strokes and 
cancer all have behavioural components. 

Risk Lab takes nothing from you but time, 
and freely provides a stack of everyday statis- 
tics and psychology lessons. You can't lose. m 


Anthony King is a writer based in Dublin. 
e-mail: anthonyjking@gmail.com 


FREDDIE STEVENS 


Correspondence 


We need negative 
metrics too 


Research metrics are 
ambiguous — a paper may be 
cited for positive or negative 
reasons. Funding agencies and 
universities focus on positive 
impact in evaluating research, 
which increasingly includes 
alternative metrics (‘altmetrics; 
see Nature 493, 159 and Nature 
495, 437-440; 2013). We think 
that researchers can generate a 
more complete account of their 
impact by including seemingly 
negative indicators — such as 
confrontations with important 
people or legal action — as well as 
those that seem positive. 

To explore this idea, we at 
the Center for the Study of 
Interdisciplinarity discussed ways 
to evaluate the impact of our 
research activities. We began with 
common quantitative indicators 
of scholarly impact (number and 
place of publications, citation 
indexing measures, number and 
size of grant awards, and so on). 
Warming to our theme, we came 
up with several other possible 
indicators, including negative 
ones (see table for examples 
and go.nature.com/miytf3 for a 
complete list). 

In this age of increasing 
demand for accountability, we 
believe that academics ought to 
own the impact of their research, 
rather than have it determined by 
someone else. 

J. Britt Holbrook, Kelli R. Barr, 


Keith Wayne Brown University of 
North Texas, Denton, Texas, USA. 
britt.holbrook@unt.edu 


Campaign tactics 
and grants don’t mix 


Using political-campaign tactics 
to secure grant awards threatens 
to oversimplify the science, 
overwhelm the independent 
peer-review process, and 
disregard intellectual-property 
and confidentiality issues. 

Take the European 
Commission's Future and 
Emerging Technologies ‘flagship 
programme, which in January 
selected two projects to receive 
about €1 billion (US$1.3 billion) 
each over 10 years (see Nature 
493, 585-586; 2013). Six projects 
were shortlisted after a year- 
long competition on the basis of 
scientific review — but also on 
the success of presentations to the 
European Parliament and political 
representatives, promotional 
videos and television interviews. 

Substantial media exposure 
of the US Brain Research 
through Advancing Innovative 
Neurotechnologies (BRAIN) 
Initiative is inducing speculation 
on research outcomes well ahead 
of hard experimental evidence. 

Securing broad political 
consensus for large-scale 
projects is understandable. Yet 
applicants for some low-budget 
grants are now also using social 
media, promoting proposals 


OTHER POSSIBLE INDICATORS OF IMPACT 


Public engagement 

Protests, demonstrations or arrests 
Provoking lawsuits 

Angry letters from important people 
Meetings with important people 
Participation in public education 
ention by policy-makers 

Public research discussions 
uckraking 


Quotes in policy documents 


Rabble rousing 


Engagement with citizens abroad 


Academic community 

Invitations to present, consult or review 
Interdisciplinary achievements 
Adviser appointments 

Reputation of close collaborators 
Reputation as a team member 
Textbooks authored 

Citation in testimonials and surveys 
Audience size at talks and meetings 
Developing a useful metric 
Curriculum input 


Faculty recommendations, prizes 


by requesting support letters 
through mass e-mailings and 
Twitter communications. 
However tempting, this could 
outweigh reasoned peer review. 
Victor Maojo, Juan Pazos 
Polytechnic University of Madrid, 
Spain. 

vmaojo@fi.upm.es 

Casimir A. Kulikowski Rutgers, 
The State University of New Jersey, 
Piscataway, New Jersey, USA. 


Australian academy 
is fair to women 


It is not true that the Australian 
Academy of Science, of which I 
am president, treats women with 
disdain (Nature 497, 7; 2013). 
The absence of women elected 
as fellows in 2013 is of great 
concern, but it is an anomaly. 
Election of women to our 
academy has steadily increased, 
from just one in the 1970s to 
27 since 2000. Three of our 
executive councillors are female, 
and women chair five out of 
22 national committees. This 
year, half of our early-career 
awardees and one of four full- 
career awardees are women (see 
go.nature.com/avrqiy). 
That said, our academy still 
has too few women. Part of 
the problem is historical and 
universal (see, for example, Nature 
495, 21; 2013). Past policies either 
discriminated against women or 
failed to nurture their careers. The 
academy has urged Australian 


Media 

Article downloads 
Website hits 

Media mentions 
Quotes in media 
Coining of a phrase 
Trending in social media 
Blog mentions 

Book sales 

Buzzword invention 
Social-network contacts 


Television and radio interviews 


science agencies to prioritize 
career flexibility and has endorsed 
guidelines for gender equity (see 
go.nature.com/zi253a). 

Weare striving to increase the 
proportion of female fellows by 
ensuring that high-achieving 
women are not overlooked for 
nomination and that our criteria 
do not disadvantage them. 
Further measures to improve the 
gender balance will be considered 
at the academy’s annual general 
meeting this month. 

Suzanne Cory Australian 
Academy of Science, Canberra. 
cory@wehi.edu.au 


Economic modelling 
could aid brain map 


Debate over US President 
Barack Obamas brain-mapping 
proposal (Nature 495, 19; 2013) 
would benefit from economic 
modelling. This would refine 
thinking on goals, funding and 
timing amid budget cuts and 
discussions of government- 
sponsored big science. 

An example of this approach 
comes from modelling the time 
and money required for genomic 
research to cut adverse drug- 
related patient outcomes, using 
actual data (R. Arnaout et al. 
Clin. Chem. 59, 649-657; 2013). 
This reveals how understanding 
drug-response genomics could 
lead to cheaper, faster progress, 
delivering specific, fact-based, 
actionable insights. 

The brain-mapping proposal 
is broader, perhaps calling for 
technologies not yet invented, but 
the intention is still to improve 
health. Economic modelling 
could aid comparisons between 
the proposal and competing 
investments, engage stakeholders 
and foster accountability. It would 
serve the ultimate funding source 
and beneficiary: the taxpayer. 
Ramy Arnaout* Beth Israel 
Deaconess Medical Center, 
Harvard Medical School, Boston, 
Massachusetts, USA. 
rarnaout@bidmce.harvard.edu 
*On behalf of 4 co-authors. See 
go.nature.com/brfb2u for full list. 
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OBITUARY 


Francois Jacob 


(1920-2013) 


French freedom fighter who helped to uncover how genes are regulated. 


rancois Jacob helped to answer a 
f question that had been troubling 

geneticists for more than 30 years: 
how do the various tissues of multicellular 
organisms express different sets of genes 
when all cells contain the same genetic 
material? Along with two colleagues, Jacob 
devised the first conceptualization of 
gene regulation, opening the door to 
the study of development in animals 
and humans. 

Jacob was born in 1920 in Nancy, 
northeastern France, to a middle-class 
Jewish family. He studied at the Lycée 
Carnot in Paris and went to medical 
school with the intention of becom- 
ing a surgeon. His studies were inter- 
rupted in June 1940 when, refusing 
to accept France's surrender to Ger- 
many, he escaped to London by boat 
to join the Free French Forces under 
General Charles de Gaulle. Jacob 
fought for four years as a medical 
auxiliary in Africa and France. When 
the war ended, he was named a Com- 
panion of the Liberation, the highest 
French military distinction of the 
Second World War. More than six 
decades later, he became Chancellor 
of the Order of the Liberation, the 
order’s most important figure. 

After the war, the injuries that Jacob 
had sustained to his arms and legs in 
1944 prevented him from becoming a 
surgeon and he worked on producing 
antibiotics for the French army. He heard 
about a scientific revolution taking place 
as a result of physics coming together with 
genetics and microbiology. The war and 
its aftermath had led to a redistribution 
of scientists throughout Europe and the 
United States, which, combined with the 
availability of technologies such as X-ray 
diffraction, electrophoresis and electron 
microscopy, was spurring a wealth of new 
ideas and approaches in biology. Jacob 
was keen to contribute to these exciting 
new developments, and the microbiologist 
André Lwoff — one of the few French 
researchers involved in this new approach 
— invited Jacob to join his laboratory at the 
Pasteur Institute in Paris in 1950. 

Fifteen years later, Jacob was awarded 
the Nobel Prize in Physiology or Medicine 
along with Lwoff and Jacques Monod for 
describing the ‘operon model. In this model, 
a repressor protein, encoded bya regulatory 
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gene, binds to a cell’s DNA upstream of 
a battery of structural genes that the trio 
named the operon. This binding prevents 
the structural genes from being transcribed 
into messenger RNA. The model emerged 
from elegant experiments investigating 
the factors that repress and trigger the 


multiplication of viruses in bacteria, and 
those that activate and suppress the synthe- 
sis of the bacterial B-galactosidase enzyme 
needed to break down lactose into its glucose 
and galactose components. 

During his early years at the Pasteur 
Institute, working with microbiologist 
Elie Wollman, Jacob also proposed a mecha- 
nism for bacterial conjugation, or mating. In 
this process, part ofa bacterial chromosome 
is transferred from a donor bacterium to a 
recipient one. In all of these major research 
projects, Jacob’s particular skill was being 
able to conceptualize the molecular mecha- 
nisms underlying complex observations. 

In the late 1960s, Jacob switched to work- 
ing with mice, to align his research with the 
Pasteur Institute’s focus on human disease. 
It took time to build the genetic-engineering 
tools needed to analyse complex organisms 
and their embryonic development, but Jacob 
had made the right decision. Owing to their 
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genetic similarities with humans, mice are 
now the models of choice for scientists 
studying human diseases. Jacob’s choice ofa 
type of germ-cell cancer to aid research into 
embryonic development in mice proved 
similarly prescient: the cells studied in his 
laboratory are the ancestors of the stem cells 
that are now grown in hundreds of labs 
across the world. 

Jacob enjoyed interacting with 
people who were different from him, 
but not those who tried to imitate 
him, with whom he could be very 
harsh. When I joined his lab in 1981 
as a postdoc, he gave me total freedom 
to pursue the questions that I deemed 
interesting, and this was the same for 
everyone who worked with him. If ever 
we hit on some potentially important 
result, he would jump up in excitement 
and ask to see the data. For him, only 
the science that was moving forward 
was important. 

His immense scientific knowledge, 
combined with his wartime experi- 
ences, fuelled a lifelong commitment 
to combating racism and preventing 
the misuse of genetics. He presented 
his views on television, radio and in 
newspapers. He was also a member of 
the French national ethics committee 
for the life sciences. 

Jacob was fascinated with the 
history of science and philosophy. 
In his 1973 book The Logic of Life 
(Pantheon), he explored the idea that bio- 
logical knowledge has evolved in successive 
steps, from the study of morphology to that 
of the cell, and then to the study of genes and 
macromolecules. In several other works, 
such as his 1982 The Possible and the Actual 
(Pantheon), he sought to identify the fea- 
tures that characterize scientific knowledge 
as opposed to other types of knowledge. His 
death marks the end ofa golden age of biol- 
ogy, in which members of a relatively small 
international community were free to pur- 
sue whatever question they wanted, with 
the possibility that they would make huge 
strides in discovery. = 


Michel Morange is professor of biology and 
director of the Cavaillés Centre (CIRPHLES, 
USR 3308) for the History and Philosophy 
of Science at the Ecole Normale Supérieure, 
Paris, France. 

e-mail: morange@biologie.ens.fr 
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Beneficial miscommunication 


Natural variations in the rate of protein translation in cellular organelles called mitochondria have been found to correlate 
with lifespan, suggesting a unified mechanism for the effects of metabolic alterations on longevity. SEE ARTICLE P.451 


SUZANNE WOLFF & ANDREW DILLIN 


ur existence depends on a small inter- 

loper that resides within our cells 

— the persistent and phantom-like 
presence of a once autonomous organism. 
More than 2 billion years ago, as one bacte- 
rium tried, but failed, to consume another, 
two cells forged a relationship that eventually 
resulted in the evolution of one into a subcellu- 
lar organelle — the mitochondrion — of the 
other. As time passed, this organelle became 
a small metabolic factory for its host cell, 
allowing the host to produce enough energy 
to differentiate and to evolve into the intri- 
cate networks of cells and tissues that form the 
basis of a complex organism’. What happens 
to the organism when this endosymbiotic rela- 
tionship is disrupted, and the surprising effects 
of this disruption on lifespan, are the focus of 
a study by Houtkooper et al.” on page 451 of 
this issue. 

Across the ages, the mitochondrion has 
stubbornly tried to retain its identity. It has 
held on to its own DNA and replicates inde- 
pendently of the rest of the cell. And it defies 
the rules of Mendelian inheritance. Hundreds 
or even thousands of these organelles now 
exist within each cell, and live in a constant 
physical flux driven by fusion and fission, 
whereby separate mitochondria join to form 
one larger mitochondrion or individual ones 
suddenly split apart’. 

During this time, however, the mitochon- 
drion has lost much of its autonomy; both its 
basal composition and the cellular distribu- 
tion of its DNA have changed*. Today, most 
of the proteins that comprise a mitochon- 
drion are encoded by the cell nucleus, and 
mitochondrial DNA encodes only 13 pro- 
teins — less than 1% of its total protein 
composition**. 

To build a mitochondrion, the nucleus must 
know which mitochondrial genes are needed, 
and when. It must also recognize what type 
of mitochondrion to build, because specific 
tissues — and perhaps even different sub- 
cellular locations — contain mitochondria 
of markedly different protein composition’. 
The nucleus must be ready to respond to 
fluctuations in the environment and to initi- 
ate mitochondrial biogenesis when metabolic 
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Figure 1 | Consequences ofa cellular imbalance. Mitochondria carry a full complement of 
nuclear-encoded and mitochondrial-encoded proteins. An imbalance between mitochondrial and 
nuclear proteins triggers the mitochondrial unfolded protein response (UPR™), whereby mitochondria 
send a signal to the nucleus to induce the production of stress-related proteins, which restores the 
mitochondrial balance. Houtkooper et al.” find that increased UPR" is correlated with longer lifespan 


in mice and nematode worms. 


conditions so necessitate. Finally, the cell must 
be poised to translate these genes into proteins 
in its cytoplasm, and must have sufficient 
chaperone proteins to help to fold and translo- 
cate the nascent proteins to the mitochondria. 
Synthesis and maintenance of mitochondria is 
thus a dazzlingly elaborate process — one that 
necessarily requires complex communication 
between the mitochondria and the nucleus to 
ensure synthesis of the proper ratios of pro- 
teins required for mitochondrial construction 
and function. 

It seems impossible that a cell could keep 
track of all these individual fluctuations. Per- 
haps not surprisingly, therefore, cells have 
evolved intricate mechanisms specifically 
for detecting and responding to stress that 
affects their mitochondria*°. An imbalance 
between the production of proteins encoded 
by the nucleus and those encoded by the 
mitochondria will quickly initiate defence 
mechanisms to restore homeostasis. During 
such events, mitochondria release signals 
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that travel to the nucleus to alter the prolif- 
eration of mitochondria by affecting the 
expression of nuclear-encoded mitochondrial 
genes. This signal also increases the transla- 
tion of a network of stress-related proteins 
designed to protect mitochondria from further 
damage (Fig. 1). 

It is the upregulation of one such defence 
mechanism, the mitochondrial unfolded 
protein response (UPR™), that is the focus 
of Houtkooper and colleagues’ study”. The 
authors discovered that partial loss-of- 
function of the mitochondrial translational 
machinery correlated with as much as a 
2.5-fold increase in lifespan among dozens 
of inbred lines of mice originating from a 
single ancestral mating. Specifically, variation 
(polymorphism) in a gene encoding a sin- 
gle mitochondrial ribosomal protein (MRP) 
involved in protein translation, Mrps5, corre- 
lated with an increase in lifespan in these lines. 
A decrease in mitochondrial translation was 
also sufficient to extend lifespan and to activate 


the UPR™ in the nematode Caenorhabditis 
elegans in a dose-dependent manner. 

The authors hypothesized that a deficiency 
in the function of MRPs might cause an 
imbalance in the relative levels of mitochon- 
drial- and nuclear-encoded components of the 
electron transport chain, the mitochondrion’s 
energy factory. This imbalance may secondar- 
ily activate the UPR™. Importantly, this effect 
seemed reciprocal: addition of rapamycin or 
resveratrol (pharmacological agents associ- 
ated with attenuated cytoplasmic, rather than 
mitochondrial, translation, but which alter 
the metabolic state of the cell through the 
regulation of mitochondrial biogenesis) was 
sufficient to both upregulate the UPR™ and 
extend lifespan. 

This work is extremely suggestive, but it is 
only a start. Mitochondrial dysfunction has 
proved far from beneficial in most known 
contexts: in humans, mutations in mitochon- 
drial genes cause a large number of extremely 
debilitating and life-shortening diseases". 
And, until now, mutations in mitochondrial 
genes have not been associated with increased 
health or longevity in mammals. Therefore, the 
association of a natural variation in the func- 
tion of MRPs with increased lifespan seems 
extraordinary. 

The regulation of mitochondrial function 
and the synthesis of its proteins are necessarily 
complicated, however. It will be important to 
examine how a loss of MRPs affects the over- 
all molar ratio of the different components of 
the electron transport chain. Whether other 
changes that affect mitochondrial prolifera- 
tion affect lifespan with a dependency on the 
UPR™ should also be tested. Nevertheless, the 
current paper illustrates the extent to which 
the balance of communication between the 
nucleus and mitochondria remains abso- 
lutely necessary for a cell to maintain its 
homeostasis. 

After 2 billion years of partnership, then, 
communication between mitochondria and 
the nucleus may remain a core determinant 
of an organism’s lifespan. By definition, endo- 
symbiosis involves a balance between the 
needs of distinctly functioning subparts to 
provide a greater benefit to the whole. Our 
cells may be so sensitized to a loss of this 
equilibrium that a rapid and effective defence 
becomes necessary. The ageing-research com- 
munity must continue to search for an under- 
standing of the specific effects of the UPR™ 
on the factors that cause ageing, and how such 
a response is disseminated and communi- 
cated across extremely complex organisms. 
We should also further our understanding 
of methods by which UPR™ induction might 
alleviate age-onset diseases. = 


Suzanne Wolff and Andrew Dillin are in the 
Department of Molecular and Cell Biology, 
University of California, Berkeley, Berkeley, 
California 94720-3370, USA, and at the 


Howard Hughes Medical Institute. 
e-mail: dillin@berkeley.edu 
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NOOO 


two structures 


Dengue virus has a highly ordered structure when grown in mosquito cells at 
28°C. The finding that the virus expands into a less ordered form at 37°C indicates 
that the human immune system does not see it as we previously thought. 


FELIX A. REY 


engue disease is caused by four viruses 
D of the flavivirus genus that are trans- 

mitted to humans by infected mosqui- 
toes’. Dengue infections impose a formidable 
burden: about 5.5% of the world’s population 
is infected each year, and one infection in four 
is symptomatic’. But in spite of its impact, no 
effective antiviral treatment’, nor a licensed 
vaccine’, is available. Writing in Journal of 
Virology and in Proceedings of the National 
Academies of Sciences, respectively, Fibriansah 
et al.” and Zhang et al.° report that dengue 
virus particles display a different organiza- 
tion of surface glycoproteins when they are at 
temperatures above 34°C, as in a human body, 
than they do at lower temperatures, such as 
those found in mosquitoes. These results have 
important implications for understanding how 
the virus particles are presented to the human 
immune system, and how to use this knowledge 
to develop an effective vaccine. 

The difficulties in developing an anti-den- 
gue vaccine stem from the interplay of the four 
related viruses (called viral serotypes) that 
cause dengue infections. Infection with any 
one of these viruses induces lifelong immu- 
nity against that serotype. Although some of 
the antibodies elicited during this response 
are cross-reactive and can neutralize the other 
serotypes to a degree, they do not mediate 
long-lasting cross-protection. Moreover, ani- 
mal experiments show that the cross-reactive 
antibodies can actually enhance a subsequent 
infection with another serotype’, which is 
thought to contribute to the severe forms of 
dengue disease seen in humans". 

In this context, it is clear that only a vaccine 
that protects against all serotypes simulta- 
neously would be successful. Although one 
promising candidate — which comprised four 
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vaccines, each targeting one serotype — was 
shown bya large vaccine trial’ to be safe and 
to confer some protection against serotypes 1, 
3 and 4, it did not protect against serotype 2 
despite eliciting neutralizing antibodies against 
all four serotypes’. These results highlight 
the importance of understanding the actual 
mechanisms of virus neutralization by anti- 
bodies and the correlation with protection 
from disease. 

The main antigen targeted by neutralizing 
antibodies against dengue viruses is a glyco- 
protein called protein E, which exists as pro- 
tein dimers at the virus surface. This protein 
is the main player during viral entry to a cell: 
it is responsible for receptor binding and for 
inducing fusion of viral and cellular mem- 
branes to release the viral RNA into the cyto- 
plasm. Protein E contains a fusion loop that 
inserts into the membrane of cellular orga- 
nelles called endosomes; this loop is concealed 
at the E-dimer interface in the mature virus 
particle. Receptor binding at the cell surface 
leads to uptake into the endosome, where 
the acidic environment triggers E-dimer dis- 
sociation and exposure of the fusion loop, 
which is accompanied by a major structural 
rearrangement. Antibodies against protein E 
can therefore block infection by interfering 
with receptor binding or with this conforma- 
tional change. 

However, the picture is complicated by 
another viral glycoprotein, prM, which asso- 
ciates with protein E during viral synthesis. 
PrM is cleaved during viral maturation, but 
a substantial amount of the protein is still 
found in dengue virus particles circulating 
in an infected host, and it elicits antibod- 
ies that are non-neutralizing and contribute 
to antibody-mediated enhancement of the 
infection’. This observation highlights the 
complexity of devising a vaccine to generate 
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Figure 1 | Compact and expanded structures of dengue virus. a, At 28°C, 
mature dengue virus particles have icosahedral symmetry and are composed 
of 90 dimers of the surface glycoprotein, protein E. The icosahedral axes of the 
particles are represented with symbols: two-fold, ellipse; three-fold, triangle; 
and five-fold, pentagon. Thirty dimers lie at the icosahedral two-fold axes 
(grey) and 60 at general positions that are not on a symmetry axis of the particle 
(displayed as one E protein in green and the other in cyan). Red and yellow 
indicate the two glycan chains that are attached to each E protein. b, c, Zhang 


long-lasting protective antibodies while avoid- 
ing a post-vaccination state with the potential 
for immune enhancement. It also emphasizes 
the need to understand at the structural level 
the relevant sites on the virus — the antigenic 
epitopes — that are targeted by antibodies that 
confer protection. 

Previous electron microscopy studies 
were performed with dengue virus pro- 
duced in mosquito cells cultured at 28 °C, 
and revealed that 90 E dimers are tightly 
packed at the particle surface to form an ico- 
sahedral shell (Fig. la). These studies were 
recently extended” to near-atomic resolution 
(3.5 Angstroms), and this work indicated that 
the E dimers form a rigid icosahedral surface 
lattice through lateral interactions. The two 
new reports”® show that the virus particles 
expand when they are exposed to tempera- 
tures of 34°C and above, and that this reveals 
patches of the viral membrane (Fig. 1b, c). This 
finding will have implications for understand- 
ing which epitopes are exposed to the human 
immune system. Membrane exposure is also 
consistent with the observation that the human 
proteins TIM1, 3 and 4, which bind to phos- 
phatidylserine lipids, can also bind to dengue 
virus particles”; these data were difficult to 
reconcile with a structure in which tightly 
packed E dimers covered the membrane. 

In one of the current papers, the authors 
report® that the temperature-induced struc- 
tural change takes place in a narrow range 
between 33°C and 34°C, and that the change 
is irreversible. Both groups found that the 
resulting particle preparations were hetero- 
geneous, and only a stringent particle-selection 
process led to an icosahedral three-dimen- 
sional reconstruction that allowed docking of 
the crystal structure of the E dimer’*”*. This 
heterogeneity probably explains why the 
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packing of E dimers at the surface of the 
expanded particles now reported is not the same 
(Fig. 1b, c). Taken together, these studies show 
that, at the human body temperature of 37°C, 
the mature dengue virus particle loses symme- 
try and the E dimers no longer make the specific 
lateral interactions seen in the 28°C structure. 
The reported particle expansion was not seen 
with West Nile virus, another infectious flavi- 
virus. The structure of West Nile virus particles 
grown in mammalian cells at 37°C showed” 
the same arrangement of tightly packed 
E dimers that is seen in dengue virus particles 
grown at 28°C. In contrast to dengue virus 
protein E, which is in a monomer-dimer equi- 
librium in solution at neutral pH, the E pro- 
tein of West Nile virus is monomeric’*”’ and 
requires the tight lateral packing at the particle 
surface to form a dimer concealing the fusion 
loop. It is therefore possible that dengue virus 
particles can expand while still maintaining the 
E dimers, whereas in West Nile virus a similar 
expansion would probably lead to dimer dis- 
sociation with concomitant exposure of the 
fusion loop, resulting in particle inactivation. 
The take-home message is that the dengue 
virus E dimer seems to be the relevant form pre- 
sented to the human immune system. De Alwis 
et al.” recently noted that most anti-dengue 
neutralizing antibodies in humans do not bind 
to purified E protein produced in vitro. Their 
interpretation was that these antibodies prob- 
ably target epitopes shared by adjacent dimers, 
as in the arrangement of the 28°C particles. 
However, our observations that dengue virus 
E protein is essentially monomeric in solution 
unless at high concentrations indicate that the 
antibodies did not bind in their experiments” 
because the E protein was monomeric under 
the conditions used. Together, their results and 
the new structural data therefore suggest that 
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et al.’ (b) and Fibriansah et al.’ (c) show that the particles take on an expanded 
form at temperatures of 34°C and above, and no longer obey strict icosahedral 
symmetry. A prominent feature is a large opening at the three-fold axes, such 
that the viral membrane (purple) becomes exposed. The differences in dimer- 
dimer contacts seen in b and c may depend on the selection of particles used 
for three-dimensional reconstruction. The represented E dimer positions 

are therefore only consensus locations. (Figure prepared with the PYMOL 
Molecular Graphics System, Version 1.5.0.4, Schrédinger, LLC.) 


most human neutralizing antibodies target 
quaternary epitopes that are confined to the 
E dimer, rather than ones that bridge dimers. 
The good news is that future attempts to iden- 
tify relevant epitopes for efficient immuniza- 
tion in humans can be restricted to the E dimer 
instead of the whole particle, which will make 
their characterization more tractable. m 
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Tiny enzyme uses 
context to succeed 


How the enzyme diacylglycerol kinase can form membrane anchors and an active 
site from so few amino-acid residues has long been a mystery. Crystal structures 
reveal that it gets by with a little help from its friends. SEE LETTER P.521 


JIMIN ZHENG & ZONGCHAO JIA 


he bacterial enzyme diacylglycerol 
Tisns has always been a bit of a rebel. 

As an apparent evolutionary ‘orphan, 
this integral membrane protein is function- 
ally and structurally distinct from other 
kinases identified so far. Furthermore, its 
size (just 121 amino-acid residues) makes its 
modus operandi challenging to understand: 
how does so small an enzyme manage to span 
the cell membrane while still forming a func- 
tional active site that must accommodate not 
only a bulky, fatty substrate but also a water- 
soluble ATP molecule? On page 521 of this 
issue, Li et al.' report crystal structures of 
diacylglycerol kinase from the bacterium 
Escherichia coli. The structures reveal how 
the enzyme exploits the milieu in 
which it resides, greatly increas- 
ing our understanding of this pro- 
tein and providing insight into 
integral membrane enzymes in 
general*. 

Diacylglycerol kinase (DgkA) 
catalyses a key step in the synthesis 
of oligosaccharide biomolecules’, 
converting diacylglycerol to phos- 
phatidic acid by transferring a 
phosphate group from ATP. Most 
ATP-dependent kinases have the 
same general structure: an evolu- 
tionarily conserved, two-lobed core 
that has all the elements required for 
catalysis, including catalytic residues 
that are absolutely conserved; char- 
acteristic ATP-binding motifs such 
as P-loops and Walker motifs; and a 
hydrophobic spine connecting the 
lobes’. DgkA, however, lacks these 
features. As one of the first integral 
membrane enzymes to be studied, 
it has served as an intriguing model 
not only of catalysis in such enzymes, 
but also of the structure, stability, 
assembly and folding of membrane 
proteins’. 

DgkA is the smallest kinase 
known, weighing in at about half 


*This article and the paper under 
discussion! were published online 
on 15 May 2013. 


Cytoplasm 


Periplasm 


the size of a typical kinase. It therefore 
has to use most of its residues to build 
helices that integrate it into the cell membrane, 
while still crafting an active site that accom- 
modates both ATP and diacylglycerol — which 
contains a hydrophilic ‘head’ group and bulky 
hydrophobic ‘tails. Rather than building a 
complicated and energetically costly single 
protein molecule in the membrane, evolu- 
tion has forged a trimer from three DgkA 
molecules. On the basis of their crystal struc- 
tures of the monomers, Li and colleagues 
propose that each monomer ‘borrows’ 
a component from its neighbour to create a 
composite active site. The borrowed com- 
ponent is an amphiphilic (both hydrophobic 
and hydrophilic) amino-terminal helix. This 
helix is strategically located at the interface 


Figure 1 | A view of diacylglycerol kinase (DgkA). Liand colleagues 
crystal structure’ of DgkA, an integral membrane enzyme from the 
bacterium Escherichia coli, is depicted here in the microbe’s inner 
membrane; the periplasm is the space between the inner and outer 
membranes of the microbe. The enzyme forms a homotrimer, but for 
clarity only one full monomer (grey) is shown. The authors propose that 
the active site of DgkA, which binds ATP (yellow) and substrate (blue and 
red), includes both the membrane and an amino-terminal helix from a 
second monomer (green). Selected catalytic amino-acid residues (orange 
stick models) and a magnesium ion (purple sphere) are also shown. The 
ATP-binding pocket is in the cytoplasmic portion of the protein and is 
formed by all three transmembrane helices of one monomer and the 
N-terminal helix from the neighbouring monomer. The 
substrate-binding pocket is largely formed by the membrane. 
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between the membrane and the cytoplasm, 
and provides a crucial catalytic residue. 

Confirmation of the putative active site will 
require further experimental support from 
an ATP-bound structure of DgkA, or, even 
better, from a structure of the enzyme in 
complex with both ATP and a substrate, to 
verify the locations of the ATP- and substrate- 
binding pockets and other fine structural 
features. Nevertheless, the proposed active 
site is fully consistent with earlier work’ in 
which residues that are essential for cataly- 
sis were identified. The suggested active site 
also makes intuitive sense, because water- 
soluble ATP should bind to the cytoplasmic 
portion of DgkA with its transferable phos- 
phate group (the y-phosphate) oriented 
towards the membrane-cytoplasm interface, 
in the optimal position for attachment to the 
substrate (Fig. 1). 

Although appropriate ATP binding is 
necessary for a functional active site, the 
substrate also needs to be stabilized and cor- 
rectly oriented to allow efficient phosphate 
transfer from ATP. The complex visualized 
in the crystal structure described by Li and co- 
workers contains detergent molecules, which 
the authors used to aid crystallization of the 
protein and which happen to resemble the 
substrate. Serendipitously, two of these mol- 
ecules are found in the structure at a location 
that primes them for phosphate transfer: the 
tails are embedded in and stabi- 
lized by the membrane, whereas the 
head groups reach into cytoplasmic 
space, coming close to the proposed 
location of ATP’s y-phosphate. 

So, the membrane is not only the 
milieu in which DgkA resides — it 
also forms an integral part of the 
active site, dictating the orientation 
of the substrate to allow efficient 
phosphate transfer. It would be dif- 
ficult for DgkA to stabilize and cor- 
rectly orient the bulky, amphiphilic 
substrate without the membrane 
because, as a small kinase, it does 
not have the resources to create 
an adequate binding pocket. This 
suggests that DgkA has evolved 
together with the cell membrane” 
to create an optimal, composite 
active site. 

Interestingly, Li and colleagues’ 
crystal structure is at odds with a 
previous ‘backbone-only’ structure® 
of DgkA that was obtained using 
nuclear magnetic resonance (NMR). 
Although the overall homotrimeric 
architecture of DgkA is consist- 
ent between the two structures, 
the active sites differ hugely — an 
unprecedented observation for 
NMR and crystallographic struc- 
tures. The dissimilarity is caused 
by domain swapping: in the NUR 


23 MAY 2013 | VOL 497 | NATURE | 445 


| RESEARCH | NEWS & VIEWS 


50 Years Ago 


“Masters and Pupils’ — The 

three books under review are 
approximately equal in price, but 

this is not true of their value. Two of 
them are hardy annuals; the third — 
the Transactions of the International 
Ophthalmic Optical Congress, 

1961 — appears ten years after the 
previous issue. Those who argue 

that opticians neglect research will 
find their fears both confirmed and 
confounded — confirmed when they 
read some of the uncritical work ... 
on contact lenses, and confounded 
by the high-quality work emanating 
from British and especially American 
sources. The trouble with a volume 
such as this is two-fold: every 

paper presented at the congress is 
reproduced, and, what is worse, 
reproduced in full. Verbosity is a 
smoke-screen for self-consciousness, 
and by George! what a difference 

a whiff of editorial air would have 
made to this tome. This is not to 
convey the notion that it does not 
contain any paper of merit. Le Grand, 
reproducing data by Bonnet on the 
cornea, is at his usual instructive best, 
Ball on dark-adaptation provocative 
... Byand large, all three volumes are 
well produced, adequately illustrated, 
and set in pleasing type. But they 
would be lighter, not to say cheaper, 
if editors kept pointing a pencil at 

the contributors, and — conscious 

of the rudeness of the gesture — kept 
asking them “Is this word really 
necessary?”. 

From Nature 25 May 1963 


100 Years Ago 


The Palaeolithic skull from 
Piltdown, Fletching, Sussex, just 
described in the Quart. Journ. Geol. 
Soc. By Dr. A. Smith Woodward 

as the type of a new genus and 
species (Eoanthropus dawsoni), 

has been placed on exhibition in a 
special case in the central hall of the 
Natural History Museum. 

From Nature 22 May 1913 
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structure, one of the three transmembrane 
helices from a DgkA molecule is switched with 
that of another molecule. 

The different structures might reflect the 
different conditions used in the two analyses, 
or the challenges involved in obtaining the 
NMR structure. However, given the extreme 
thermal stability of the membrane-embedded 
DgkA homotrimer (it can survive at tempera- 
tures as high as 100 °C)’, itis difficult to imag- 
ine a seamless switch between ‘swapped’ and 
‘unswapped’ homotrimers. In the light of the 
high-resolution crystal structure described 
by Li and co-workers, the NMR results might 
need to be revisited. 

The kinases are one of the largest and most 
extensively studied protein families, but DgkA 
shows that there are still surprises to be found. 
Its remarkable structure and composite active site 
add an intriguing twist to the kinome — the set 
of known kinases in an organism. The enzyme’s 
ingenious design results in an active site that 
is much simpler than those of other kinases. 
Indeed, DgkA provides a new perspective 
for understanding the architecture and asso- 
ciated catalytic mechanisms of membrane 
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enzymes. As well as structural determina- 
tion of ATP-bound and substrate-bound 
DgkA complexes, future work should include 
detailed investigation of the enzyme’s catalytic 
mechanism and regulation, and resolution of 
the discrepancy between the NMR and crystal 
structures. 
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Handedness detected 
by microwaves 


Traditional methods for detecting and identifying the handedness of molecules 
— their chirality — have been based on the same theoretical concept. A technique 
has been reported that departs from this paradigm. SEE LETTER P.475 


LAURENCE A. NAFIE 


he property of handedness known as 
"Treaty is one of the most subtle and 
yet profound aspects of our world. Of 
particular relevance to chemistry and biology 
is the fact that molecular structures can be 
chiral: as with our left and right hands, chi- 
ral molecules have otherwise equivalent mir- 
ror-image isomers of the opposite chirality’. 
Such isomers are called enantiomers, and the 
ability to distinguish between them is called 
enantiomeric detection. On page 475 of this 
issue, Patterson et al.” describe a method that 
adds to the chemist’s toolbox of techniques 
for detecting and identifying chirality in mol- 
ecules’. They report that, when microwave 
radiation associated with transitions between 
rotational states is emitted by molecules of 
opposite chirality, the radiation is exactly 
out of phase, thus providing a clear signal of 
molecular chirality. 
The building blocks of life are ‘homochiral’: 
naturally occurring amino acids, proteins, 
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sugars and nucleic acids exist as only one chiral 
form. If these building blocks had mixed chi- 
rality, molecular chaos would ensue and life 
would not be possible. Nature's lead is being 
followed by scientists, who have learned 
that single-enantiomer drugs are more effi- 
cient at binding to biological targets, and 
have fewer side effects, than the equivalent 
racemic drugs (which contain an equal mix- 
ture of opposite enantiomers). In fact, our 
bodies recognize drugs of the opposite chiral- 
ity as different molecules, even though, apart 
from their chirality, they have the same struc- 
ture. This is because the mirror symmetry of 
enantiomers is broken by the homochiral bio- 
chemistry of the human body, in the same way 
that only a right hand fits comfortably into a 
right-handed glove. 

The mirror symmetry of enantiomers can 
also be broken by circularly polarized electro- 
magnetic radiation. Circular polarization 
occurs when the electromagnetic field of radia- 
tion rotates either clockwise or anticlockwise, 
once per wavelength, as the beam propagates. 
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Figure 1 | A new mechanism for chiroptical spectroscopy. In Patterson and 
colleagues’ method? for identifying molecular chirality, the measured quantity 
depends on the handedness of three mutually orthogonal electric-dipole 
rotational transition moments, 4,, Hy and u,, which are associated with the 
three rotational degrees of freedom of a molecule. When microwave radiation 
interacts with these moments, energy transfer changes the rotational state of 
the molecule, generating a spectroscopic signal. The moments are vectors, and 


Two classical forms of ‘chiroptical’ spectro- 
scopy have been developed on the basis of this 
symmetry breaking. The older form is optical 
rotation’, which measures the difference in 
refractive index for left-circularly polarized 
(LCP) and right-circularly polarized (RCP) 
radiation as it passes through chiral materials. 
The other is circular dichroism (CD), which 
measures the difference in the absorption 
of LCP and RCP radiation. Both techniques 
typically use ultraviolet or visible light and 
involve electronic transitions in molecules. 
Vibrational circular dichroism (VCD, which 
uses infrared radiation) and Raman opti- 
cal activity (ROA, which mainly uses visible 
radiation) have also been added to the list of 
chiroptical spectroscopy techniques” ’ and 
are based on the vibrational transitions of 
molecules. 

Using these four techniques, two fundamen- 
tal measures of chirality can be determined: 
enantiomeric excess, which is the excess of 
one enantiomer over the other in a sam- 
ple; and absolute configuration, the specific 
handedness of an enantiomer. Every chiral 
drug substance approved for sale by the US 
Food and Drug Administration must have a 
known absolute configuration and a specified 
level of enantiomeric excess usually greater 
than 99% (see go.nature.com/ujg17]). 

Patterson and colleagues’ use of microwave 
radiation to detect chirality is surprising, 
because microwave CD would be expected 
to be too small for detection by modern spec- 
trometers. All previously measured forms of 
chiroptical intensity are inversely propor- 
tional to the wavelength of the probing radia- 
tion. Electronic CD in the ultraviolet-visible 
region is typically about 100 times larger than 
VCD in the longer-wavelength infrared region. 
Microwave CD should be at least 100 times 
smaller than VCD. This size argument 
derives from the mechanism underpinning 


V~ USH,XH, = -H,H,H,< 9 


of true chirality*. 


traditional chiroptical spectroscopy: optical 
activity arises from the interference between 
the electric-dipole transition moment and the 
weak magnetic-dipole transition moment (or, 
in some cases, the weak electric-quadrupole 
transition moment as well) that is detected 
when a chiral molecule is irradiated with 
alternating LCP and RCP light. The optical 
activity can be positive or negative depend- 
ing on whether the electric- and magnetic- 
dipole transition moments point into the 
same or opposite halves of a sphere centred on 
the molecule. 

The authors’ method does not arise by this 
interference mechanism. Instead, the authors 
detect chirality by applying two orthogonally 
polarized, microwave-timescale electric fields 
(oriented in the x and z directions) to a sam- 
ple. This causes the molecules in the sample 
to emit microwave radiation polarized along 
a third orthogonal direction (y), the intensity 
of which is proportional to the product of each 
molecule’ three orthogonal rotational electric- 
dipole moments (u,, #, and ,). This product 
is independent of the molecule’ orientation, 
but is sensitive to the handedness of the direc- 
tions of the three rotational dipole moments. 
It therefore changes sign if any two of the 
moments are interchanged or, equivalently, 
if the molecule is exchanged for its opposite 
enantiomer, and so is a new measure of true 
chirality® (Fig. 1). 

Patterson and colleagues’ approach has 
several advantages over existing chiroptical 
spectroscopy techniques. Because it does not 
depend on a weak magnetic-dipole transition 
moment, the chiral signal is nearly as large as 
that of the applied microwaves. Furthermore, 
the method requires extremely cold, gaseous 
molecules, which exhibit sharp, narrow lines 
in their microwave spectra. Molecules of inter- 
est can therefore be resolved in the presence 
of other interfering molecules. Moreover, 
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can be represented by a scalar triple product of 4, 4,x #,. This product can be 
regarded as a dipole volume, V, that is equal to the product of the magnitudes 
of the three vectors. The sign of V depends on the order of the vectors. If any 
two vectors are interchanged (a process equivalent to a mirror reflection), 
the sign changes. Because V changes sign under spatial inversion (mirror 
reflection) and is even under time-reversal symmetry, it is a measure 


measurement times can be as fast as tens of 
seconds; measurements for traditional chi- 
roptical spectroscopy techniques take minutes 
to hours. 

Of course, a few drawbacks remain to be 
ironed out. Any molecule investigated must 
be sufficiently volatile to be sampled in the gas 
phase, potentially placing an upper limit on the 
size of molecules that can be analysed. And for 
large molecules that have high conformational 
freedom, it may be difficult to identify the con- 
formation associated with the microwave line 
being analysed. Additionally, enantiomeric 
excess measured using the technique is accu- 
rate to only about 5%, and so further develop- 
ment is needed to reach a more desirable level 
of accuracy. 

Finally, the determination of absolute 
configuration for a sample of unknown chi- 
rality has yet to be demonstrated. The scalar 
triple product of u,-4,xp, will be positive 
or negative depending on the enantiomer 
in the sample. But how can one say which 
enantiomer produces a positive product 
and which a negative one? This information 
might be obtained by determining whether the 
chiral microwave emission of a particular 
enantiomer has the same phase as the driv- 
ing field, or the opposite one. However, this 
information would still need to be connected 
to the absolute configuration of a chiral mol- 
ecule, most probably by carrying out a quan- 
tum-mechanical calculation to determine 
the signs of the dipole-moment components. 
Most other chiroptical spectroscopy tech- 
niques require such a calculation to connect 
measured spectra to the molecule’s absolute 
configuration. 

If Patterson and co-workers’ method can 
be widely applied to determine the enantio- 
meric excess and absolute configuration of 
previously unassigned chiral molecules, par- 
ticularly those of pharmaceutical interest, 
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then their paper will be extremely important. 
But even if its applicability is at first limited 
(either for sampling reasons or by instru- 
mentation), the unexpected demonstration 
of a conceptually new form of chiroptical 
spectroscopy makes this work a landmark 
in the 200-year-old history of optical activity 
in chemistry. = 
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better than one 


Aerogels have many potential applications but usually suffer from poor elasticity. 
The synergistic assembly of carbon nanotubes and graphene has now allowed 
multifunctional, ultra-lightweight and super-elastic aerogels to be made. 


WENCAI REN & HUI-MING CHENG 


olids are normally stronger but heavier 

than gases because their atoms are 

bound together more tightly. Writing 
in Advanced Materials, however, Sun et al.’ 
describe how they have used two carbon- 
based nanomaterials — graphene and carbon 
nanotubes — to make a strong carbon aerogel 
that is lighter than air, is super-elastic and has 
a variety of useful properties. 

Aerogels are highly porous solid foams that 
have an interconnected network of thin, solid 
walls. They have an extremely low density and 
a high specific surface area — the total surface 
area per unit mass. But they tend to suffer from 
poor strength and low elasticity: pressing them 
firmly can cause a catastrophic breakdown of 
the network. The first aerogel to be reported” 
was prepared from a silica gel by supercritical 
drying, in which the liquid component of the 
gel is dried off in a controlled manner. This 


Figure 1 | Synergistically assembled carbon aerogels. Sun et al.' report 
the assembly of multifunctional, ultra-lightweight and super-elastic carbon 
aerogels from reduced graphene oxide sheets and carbon nanotubes. The 
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silica aerogel is transparent and has the lowest 
thermal conductivity of any known solid, mak- 
ing it suitable as a thermal insulating material. 

Several aerogels have since been made, 
including oxide and carbon aerogels. However, 
the synthesis of ultralight aerogels with high 
elasticity has remained a challenge. Aerogels 
with these qualities would find many uses, 
for example as media for energy absorption” 
or as reusable absorbents for liquids’, and as 
pressure-responsive sensors’. 

The prospects for making ultralight, highly 
elastic aerogels have changed with the develop- 
ment of carbon nanomaterials, however, espe- 
cially carbon nanotubes (CNTs) and graphene. 
Graphene is a single layer of carbon atoms 
arranged in a perfect honeycomb structure’. 
A CNT is a tubular material seamlessly rolled 
from a graphene sheet®. Both materials have 
a host of useful properties: low density, high 
strength and stiffness, high electrical and 
thermal conductivity, high specific surface 


A 


© 2013 Macmillan Publishers Limited. All rights reserved 


Spectroscopy Vol. 1 (eds Berova, N., Polavarapu, P. L., 
Nakanishi, K. & Woody, R. W.) 3-34 (Wiley, 2012). 
. Arago, D. F. Mem. de L’Inst. 12(1), 93 (1811). 
. Barron, L. D. Molecular Light Scattering and Optical 
Activity 2nd edn (Cambridge Univ. Press, 2004). 
6. Nafie, L. A. Vibrational Optical Activity: Principles and 
Applications (Wiley, 2011). 
7. Haesler, J., Schindelholz, |., Riguet, E., Bochet, C. G. 
& Hug, W. Nature 446, 526-529 (2007). 
8. Barron, L.D. Chem. Phys. Lett. 123, 423-427 (1986). 


apf 


area, excellent flexibility, and good chemical 
stability*®. They therefore hold great promise 
as building blocks for aerogels with multiple 
functionalities. 

Both graphene and CNTs have been used 
separately to make aerogels that have low 
density and high elasticity’*”. For instance, a 
graphene aerogel with a density of 5.1 milli- 
grams per cubic centimetre has been shown 
to sustain its structural integrity under a load 
of more than 50,000 times its own weight and 
can rapidly recover from 80% compression’. 
However, the low elastic bending stiffness of 
graphene sheets limits improvement in the 
elasticity of graphene aerogels when their 
density is decreased’. Also, in CNT aerogels, 
the bundling or permanent buckling of the 
CNTs usually results in inefficient load transfer 
between the CNTs, and significant irreversible 
deformation of the aerogels’”. 

Sun et al.’ used giant graphene oxide (GO) 
sheets, tens of micrometres across, to build 
an ultralight structural framework, and used 
CNTs as ‘ribs’ to reinforce the framework, 
taking advantage of their good elasticity 
(Fig. 1). The authors fabricated their hybrid 
graphene-CNT aerogels by freeze-drying an 
aqueous solution of GO sheets and CNTs, and 
then chemically reducing the GO to graphene. 
This procedure resulted in a graphene-CNT 
aerogel that is lighter than air (it has a density 
of 1.0 mg cm™, compared with 1.2 mg cm~ 
for air at ambient conditions) and that could 
recover its original macroscopic shape and 
microstructure after being repeatedly com- 
pressed by 50% in 1,000 cycles of compression 


Fa 
Graphene 


i 


Carbon 
nanotube 


microscopic structure of the aerogels, which consists of an interconnected 
network of randomly oriented graphene walls and carbon nanotube ‘ribs, is 
seen here at three different scales. 


REF. 1 


and release. It could also sustain a compressive 
stress about ten times higher than that of an 
ultralight metallic microlattice with a similar 
density’, and can be elongated by 16.5% before 
fracturing. In addition, using only reduced 
GO sheets, Sun et al. prepared the lightest 
known aerogel: with a density of 0.16 mg cm”, 
the material is more than 7 times lighter 
than air. 

As well as producing aerogels that are 
ultralight and super-elastic, the synergis- 
tic effect between graphene and CNTs also 
yields aerogels that have excellent thermal 
stability, high absorption capacity for liq- 
uids, and good electrical conductivity’. For 
example, the resulting aerogels have an ultra- 
high oil-absorption capacity of 215-913 times 
their own weight, depending on the oil den- 

sity, which is up to 
two orders of mag- 
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multifunctional extrusion to release 


the absorbed oil. 
Taken together 
with several other 
studies**”*, Sun and colleagues’ results 
expand the range of applications for carbon 
aerogels. 

However, two major challenges remain: 
preparing aerogels that have a more ordered 
network of thin, solid walls than that achieved 
here; and fully translating the excellent 
intrinsic properties of graphene and CNTs, 
such as their electrical and thermal conduc- 
tivity, into the aerogels. The latter aspect is 
plagued by the electrical and thermal resist- 
ance between CNTs and/or reduced GO 
sheets, and by the poor electrical and ther- 
mal conductivity of reduced GO. The tech- 
nique of template-directed chemical-vapour 
deposition may provide a solution, because 
graphene foams prepared by this method”, 
with nickel or other metal foams serving 
as a template, have an electrical conductiv- 
ity two to three orders of magnitude higher 
than that of a graphene-CNT aerogel with a 
similar density. 

The hybrid aerogels may also prove benefi- 
cial in composite materials, in which the pores 
of solid foams are filled with another material 
to improve their properties. Graphene-foam- 
based composites have already found several 
diverse uses, such as elastic conductors”, flex- 
ible lithium-ion batteries'', supercapacitors’* 
and materials for lightweight electromagnetic 
interference shielding’. Basing composite 
structures on the hybrid aerogels may further 
widen the range of applications. 


materials.” 


Sun and colleagues’ work demonstrates how 
the synergistic assembly of two types of carbon 
nanomaterial can be used to create multifunc- 
tional materials. Besides graphene and CNTs, 
a vast number of nanomaterials have been 
developed since the 1980s, some of which have 
complementary properties to carbon-based 
nanomaterials. Extending the authors’ syner- 
gistic approach to other nanomaterials may 
produce systems with various novel properties. 
Indeed, new electronic systems have been cre- 
ated by combining graphene with boron nitride 
or molybdenum disulphide sheets in a particu- 
lar stacking order". Finally, it is the nanostruc- 
tured nature of these building blocks that gives 
them mechanical flexibility and other useful 
properties, and this makes them an appealing 
choice for building flexible devices. m 
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four-stranded snags 


Unusual DNA structures, such as G-quadruplexes, can stall DNA replication with 
drastic consequences for the cell. The Pifl helicase family of enzymes has evolved 
to disentangle these structures efficiently. SEE ARTICLE P.458 


SERGE! M. MIRKIN 


enomic DNA is long, shows profound 

sequence redundancy and is heav- 

ily tangled. These properties create 
formidable problems during DNA replica- 
tion — the process at the heart of heredity. A 
particular obstacle is the presence of repetitive 
runs of DNA that can form unusual structures 
such as hairpins, cruciforms, three-stranded 
triplexes and four-stranded G-quadruplexes. 
In this issue, Paeschke et al.' (page 458) 
describe an evolutionarily conserved 
mechanism that promotes replication past 
G-quadruplexes”. 

Unusual DNA structures are less favour- 
able than the common DNA double helix, 
and form only if the duplex is stimulated to 
unwind, exposing single strands. The repli- 
cation process provides plenty of stimuli for 
this. For example, during replication, replica- 
tive helicase enzymes efficiently separate the 
two strands to form a two-pronged replication 
fork (Fig. 1a). In addition, DNA polymerase 
enzymes — which use these DNA strands as 
templates for replication — function only in 


*This article and the paper under discussion’ were 
published online on 8 May 2013. 
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a particular direction along the DNA strand 
(5’ to 3’), whereas the two strands have 
antiparallel orientation. Consequently, syn- 
thesis along the leading-strand template is 
continuous, whereas synthesis along the 
lagging strand is discontinuous, proceeding 
in short increments known as Okazaki frag- 
ments. This leads to the presence of long, 
single-stranded regions at the fork, called 
Okazaki initiation zones, at which the next 
fragment will be synthesized. 

Okazaki initiation zones provide conveni- 
ent places for formation of unusual DNA 
structures, including G-quadruplexes. Ear- 
lier bacterial, yeast and mammalian studies 
implied that formation of such structures 
along the lagging-strand template slows 
down replication and increases the likeli- 
hood of chromosomal breakage and genomic 
rearrangements’. 

Formation of G-quadruplexes was also 
predicted’ along the leading-strand template, 
in regions of single-stranded DNA that tran- 
siently arise between the replicative helicases 
and leading-strand DNA polymerase. These 
predictions were corroborated recently* 
when accumulation of G-quadruplexes was 
demonstrated during the S-phase of the cell 
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cycle — the phase at which replica- 
tion occurs. a 


Replication fork 


Because formation of unusual 
DNA structures is a recurrent prob- 
lem, cells have evolved defensive 
mechanisms to deal with them. The 
first line of defence is a protein that 
binds to single-stranded DNA; it 
is known as replication protein A 
(RPA) in eukaryotic organisms such 3! 
as animals, plants and fungi, and is 
an essential component of the repli- 
cation fork. RPA covers the Okazaki 
initiation zone and prevents DNA 
base pairing, thus efficiently stop- 5 
ping it from folding into various 
secondary structures. 

But every guardian has its Achil- 
les heel, and for RPA that is its low 
affinity for DNA that is made of sy 
repetitive purine (adenine and gua- 
nine) bases’. Therefore, G-quadru- 
plexes, which are mainly made of 
guanines, can overcome this line of 5 
defence, and fold into stable second- 
ary structures. When this happens, 

DNA polymerase suddenly faces a 
four-stranded obstacle in the tem- 

plate, which it cannot disentangle 3 
under normal conditions® (Fig. 1b). 
This stalls the entire replication fork, 
occasionally leading to fork reversal 
and chromosomal fragility’. 

Enter the second line of defence 
— accessory DNA helicases. 
Paeschke and colleagues’ study 
is devoted to one family of these 
enzymes, called Pifl. These heli- 
cases, which untangle DNA moving 
in the 5’ to 3’ direction, were initially 
identified in the budding yeast 
Saccharomyces cerevisiae, but have 
since been found in organisms as 
diverse as bacteria and humans’. 

S. cerevisiae has two Pifl-family 
helicases: Pifl and Rrm3. Pif1 prevents replica- 
tion-fork stalling at G-quadruplexes’, whereas 
Rrm3 helps to resolve ‘collisions’ between 
transcription and replication processes along 
DNA”. Paeschke et al. demonstrate that Pifl- 
family helicases from various species unwind 
G-quadruplexes extremely quickly and effi- 
ciently. Many other DNA helicases were shown 
to unwind G-quadruplexes, but the Pifl heli- 
cases seem to be the best for this task. Moreo- 
ver, G-quadruplexes are by far these helicases’ 
favourite substrates. 

The authors also demonstrate that the 
absence of Pifl helicases in yeast causes 
a drastic increase in gross chromosomal 
rearrangements, particularly those that origi- 
nated at G-quadruplex- forming sequences. 
Most importantly, this high genetic instabil- 
ity was efficiently suppressed by expressing 
bacterial or human Pif1 helicases in the heli- 
case-deficient yeast strain. Thus, unravelling 
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Figure 1 | The problem at G-quadruplexes. During DNA replication, 
replicative DNA helicases unwind the two strands into a leading- and 

a lagging-strand template to form a replication fork. Whereas DNA 
polymerase-e promotes continuous replication along the leading-strand 
template, DNA polymerase-6 copies the lagging-strand template in short 
increments called Okazaki fragments, which are joined together later. a, 
Where the lagging strand is exposed — for instance, at Okazaki initiation 
zones — a single-strand DNA-binding protein, replication protein A 
(RPA), binds to it to ensure smooth progress of replication along the 
strand, and the fork as a whole. b, Where this strand contains DNA 
repeats rich in guanine bases, RPA is inefficient, allowing the strand to 
fold into secondary structures, including G-quadruplexes. Consequently, 
progress of DNA polymerase-6 is blocked, leading to stalling of the 
replication fork. Paeschke et al.' report that Pif1 helicases unwind 
G-quadruplexes, allowing replication to progress past this obstacle. 


G-quadruplexes seems to be a conserved 
function of Pifl helicases that arose very early 
in evolution. 

Most unexpected are the data that came from 
Paeschke and co-workers’ characterization of 
the rearrangement events triggered by G-quad- 
ruplexes in helicase-deficient yeast strains. As 
in their previous set of experiments, the authors 
introduced ‘reporter’ genes into a non-essen- 
tial arm of the yeast chromosome to track 
these events. In normal strains, most events 
that manifested as reporter inactivation were 
caused by the loss of the chromosomal region 
carrying the reporters. By contrast, in helicase- 
deficient strains, the reporters’ activity was not 
lost owing to the loss of the corresponding 
genes, but because the genes were epigeneti- 
cally silenced — that is, their histone proteins 
were chemically modified, without alteration to 
the DNA sequence. This silencing is similar to a 
genetic phenomenon knownas position- effect 
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variegation", which also depends on 
the activity of the histone-modifying 
deacetylase enzyme sirtuin-2. As 
the yeast clones continued to grow 
on selective media, they underwent 
genetic rearrangements leading to 
actual loss of the reporter genes. 

Paeschke and colleagues’ find- 
ings become curiouser and curi- 
ouser, with this provocative result 
prompting them to coin the term 
complex genetic—epigenetic events. 
It is difficult to explain this concept 
in known molecular terms. The 
authors speculate that the presence 
of a G-quadruplex motif could trig- 
ger local epigenetic silencing, which 
somehow can be extended to the rest 
of the chromosome when Pif! heli- 
cases are absent, impairing replica- 
tion. Theoretically, one can think of 
such potential mechanisms as altered 
histone deposition and/or accumu- 
lation of epigenetic marks on them 
owing to impaired replication. 
Many other scenarios should also be 
considered. 

From this study, the Pifl family of 
DNA helicases emerges as a principal 
player in rescuing genomes from the 
negative effects of G-quadruplexes 
— which include replication-fork 
impairment, epigenetic silencing of 
surrounding genes and gross chro- 
mosomal rearrangements. G-quad- 
ruplexes are extremely common 
elements of the human genome. They 
are required for the genome’s normal 
activities (such as telomere mainte- 
nance and immunoglobulin-switch 
recombination), but are also impli- 
cated in its malfunction, resulting in 
genetic rearrangements and human 
disease, including cancer’. This will, 
no doubt, stimulate studies of Pifl hel- 
icases in health and disease for years to come. m 
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Mitonuclear protein imbalance as a 
conserved longevity mechanism 


Riekelt H. Houtkooper!?*, Laurent Mouchiroud!*, Dongryeol Ryu’, Norman Moullan', Elena Katsyuba’, Graham Knott’*, 
Robert W. Williams*t & Johan Auwerx!* 


Longevity is regulated by a network of closely linked metabolic systems. We used a combination of mouse population 
genetics and RNA interference in Caenorhabditis elegans to identify mitochondrial ribosomal protein $5 (Mrps5) and 
other mitochondrial ribosomal proteins as metabolic and longevity regulators. MRP knockdown triggers mitonuclear 
protein imbalance, reducing mitochondrial respiration and activating the mitochondrial unfolded protein response. 
Specific antibiotics targeting mitochondrial translation and ethidium bromide (which impairs mitochondrial DNA 
transcription) pharmacologically mimic mrp knockdown and extend worm lifespan by inducing mitonuclear protein 
imbalance, a stoichiometric imbalance between nuclear and mitochondrially encoded proteins. This mechanism was 
also conserved in mammalian cells. In addition, resveratrol and rapamycin, longevity compounds acting on different 
molecular targets, similarly induced mitonuclear protein imbalance, the mitochondrial unfolded protein response and 
lifespan extension in C. elegans. Collectively these data demonstrate that MRPs represent an evolutionarily conserved 
protein family that ties the mitochondrial ribosome and mitonuclear protein imbalance to the mitochondrial unfolded 


protein response, an overarching longevity pathway across many species. 


Longevity is coordinated by intersecting pathways, often converging 
on metabolic networks'*. A key player in lifespan regulation is the 
mitochondrion. Over a thousand proteins encoded by nuclear DNA 
(nDNA) translocate to and function in mitochondria’, in synchrony 
with 13 proteins encoded by the mitochondrial DNA (mtDNA) that 
require a separate translation machinery, including mitochondrial ribo- 
somal proteins (MRPs)*’. Many molecular studies of longevity have 
exploited simple organisms and loss- or gain-of-function mutations, 
but the complex connectedness of mitochondrial and metabolic lon- 
gevity networks benefits from an integrative cross-species approach’. 

Here we pioneered such a strategy and used the BXD reference 
population of mice** to identify mitochondrial ribosomal protein 
S5 (Mrps5) and other members of the MRP family as longevity genes. 
In C. elegans, we confirmed this role of MRPs and demonstrated 
that they induce a stoichiometric imbalance between nDNA- and 
mtDNA-encoded oxidative phosphorylation proteins, hereafter termed 
‘mitonuclear protein imbalance’, which activates the mitochondrial 
unfolded protein response (UPR™). Our conclusions were corrobo- 
rated using specific antibiotics targeting bacterial/mitochondrial trans- 
lation, and ethidium bromide, which inhibits mtDNA transcription. 
This mechanism is shared with pathways that induce mitonuclear 
protein imbalance from a nuclear perspective, such as the UPR™ and 
lifespan enhancing effects of rapamycin and resveratrol. Our data hence 
tie mitochondrial translation and metabolism to natural lifespan regu- 
lation across species. 


A QTL for mouse longevity 

The BXD family consists of fully inbred progeny of a cross between 
C57BL/6J] and DBA/2J mice, with a complexity that matches many 
human populations’’. Both parental strains have been sequenced, 
enabling analysis of sequence variants linked to phenotypes’. We 


used new genomic and genetic resources to re-analyse longevity data 
for BXD lines’’ using forward and reverse genetic methods’. 

The forward strategy exploits longevity data and updated high- 
density single nucleotide polymorphism (SNP) genotypes” archived 
in http://www.GeneNetwork.org. As reported”, lifespan of BXDs 
varies from ~365 days for the shortest lived strain to ~900 days for 
the longest lived strain (Fig. 1a). We remapped longevity using the 
new genotypes and detected one genome-wide significant locus on 
chromosome 2 with a peak at 124-129 Mb (Fig. 1b, log odds ratio 
(lod) = 4.0). Two additional loci, on chromosomes 4 and 7, were not 
significant, but suggestive (lod = 2.8 and 3.0, respectively). However, 
neither was suggestive after controlling for SNP rs6374387 on chro- 
mosome 2 using composite interval mapping. 

The chromosome 2 locus contains ~70 genes (Supplementary 
Table 1), none of which were previously linked to longevity. To evalu- 
ate and rank candidates, we correlated lifespan with multiple gene 
expression data sets. Only three genes in the locus correlate strongly 
with lifespan (Fig. 1c, P< 0.01; Supplementary Fig. 1): solute carrier 
family 12 member 1 (Slc12a1), mitochondrial ribosomal protein $5 
(Mrps5) and tubulin tyrosine ligase (Tt/). From the natural variation 
in expression of these genes, we deduced that 50% reduction of 
expression corresponds to a ~250 day lifespan difference. 


Conservation of longevity in C. elegans 
We identified Y37A1C.1/nkcc-1, E02A10.1/mrps-5, and F25C8.5/ttll- 
9 as worm homologues of Slc12a1, Mrps5 and Ttl, respectively. RNA 
interference (RNAi)-mediated knockdown of nkcc-1 and mrps-5, but 
not of ttll-9, extended lifespan (Fig. 2a). 

Next, we compared expression of Mrps5 and other Mrp family mem- 
bers in a muscle microarray of ageing and caloric restriction in C57BL/ 
6J (ref. 15). Mrp expression decreased with age, an effect rescued by 
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Figure 1 | Lifespan regulation in 
BXD recombinant inbred mice. 


a, Lifespan in different BXD strains. 
b, Interval mapping using the BXD 
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caloric restriction; in contrast, expression of Slc12a1 and Ttl was un- 
affected (Fig. 2b). Linkage of MRPs with lifespan is strengthened as 
many other Mrp family members also correlate with longevity 
(Fig. 2c). We extended our analyses to the DNA level using sequence 
data for Mrps5 in both parental strains and identified missense variants 
in exon 3 (rs29667217 and rs13471334; V60A and V67I, respectively). 
Other sequence variants in Mrps5 contribute to variation in transcript 
abundance; Mrps5 mRNA levels among the BXDs are associated with a 
strong quantitative trait loci (QTL) superimposed over the gene itself— 
a cis-expression QTL. 

Using a reverse genetics approach, we studied the Mrps5-associated 
network. Mrps5 expression co-varies with genes involved in oxidative 
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Figure 2 | Validation of Mrps5as a candidate longevity gene. a, Knockdown 
of mrps-5, nkcc-1 or ttll-9 throughout the entire life of C. elegans increased 
lifespan by 60%, 23% or 3%, respectively. See also Supplementary Table 2. NS, 
not significant. b, One-way hierarchical clustering showing gene expression 
differences in gastrocnemius muscle between young (5 months), old 

(25 months) and caloric restricted C57BL/6J mice’. Expression of mouse Mrp 
genes decreases upon ageing, and reverts with caloric restriction, whereas 
Slc12a1 and Ttl do not change. The colour-coded heat map represents relative 


452 | NATURE | VOL 497 | 23 MAY 2013 
©2013 Macmillan Publishers Li 


expression of Slc12a1, Mrps5 and Ttl 
robustly correlates with longevity 

(P <0.01). Correlation coefficient 
trend line is shown in green. 


phosphorylation. Considering that oxidative metabolism is involved 
in known longevity pathways’, the set of transcripts that co-vary with 
Mrps5 qualified as an appealing longevity network. Oxidative phos- 
phorylation was the most enriched network of Mrps5 co-variates in 
both BXDs!® and a conventional F2 intercross!” (P= 1.53 X10 7, 
P=5.78 X 10 '°, respectively). Finally, we generated an interaction net- 
work of oxidative phosphorylation genes with Mrps5 (Fig. 2d), in which 
Ndufb7 provides the hinge that links Mrps5 to oxidative phosphorylation. 
Knockdown of the worm homologues for the network components 
Ndufb7 and Ndufaé robustly extended lifespan’**°. Mrps5 hence 
emerged as a strong longevity candidate, integrating protein synthesis 
and mitochondrial metabolism—both important longevity modulators. 
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gene expression differences (red, large gene expression values; blue, small gene 
expression values). ¢, Pearson’s r correlation coefficient with corresponding P 
values for co-variation between BXD lifespan (x axis) and mRNA expression of 
eleven other Mrp genes (y axis) indicates robust correlation. Principle component 
analysis (PCA) reveals a highly significant correlation between the Mrp gene 
family and BXD lifespan. d, Mrps5 strongly correlates with genes involved in 
oxidative phosphorylation. Red lines indicate a positive Pearson correlation 
coefficient of 0.7-1.0, and blue lines indicate a correlation coefficient of 0.5-0.7. 
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Mitonuclear protein imbalance and ageing 


To define causality of the MRPs in determining lifespan, we knocked 
down mrp genes during the entire life of the worm and robustly 
increased lifespan (Fig. 3a and Supplementary Table 2). Similar to 
well-characterized mitochondrial mutants that live longer, larval 
development was delayed (Supplementary Fig. 2a)?'. Knockdown 
during development proved crucial and sufficient to extend lifespan, 
whereas RNAi during adulthood alone did not (Fig. 3b, Sup- 
plementary Fig. 2b and Supplementary Table 2), as reported in other 
long-lived mitochondrial mutants™. Increased lifespan was not due to 
effects on feeding, as pharyngeal pumping rates were normal 
(Supplementary Fig. 2c). mrps-5 RNAi also delayed physiological 
decline with age. Even though they moved slightly less in early adult- 
hood (day 3), mrps-5 RNAi worms move twice as much as controls at 
day 13, and this effect becomes more pronounced at day 20 (Sup- 
plementary Fig. 2d, e and Supplementary Videos 1-4). This difference 
was accompanied by a delay in decline of pharyngeal pumping 
(Supplementary Fig. 2c) and in muscle fibre disorganization 
(Fig. 3c), hallmarks of fitness of aged mrps-5 RNAi worms. 

In line with the mitochondrial connection of Mrps5, basal respira- 
tion was reduced upon mrp knockdown and unresponsive to the 
mitochondrial uncoupler carbonyl cyanide p-trifluoromethoxyphe- 
nylhydrazone (FCCP) (Fig. 3d). As a consequence, mrps-5 RNAi 
worms displayed reduced ATP levels and citrate synthase activity 
(Fig. 3e, f), indicative of reduced mitochondrial abundance or activity. 
Consistent with its role in mitochondrial translation, mrps-5 RNAi 
induced a stoichiometric imbalance between nDNA- and mtDNA- 
encoded oxidative phosphorylation subunits, termed mitonuclear 
protein imbalance, visualized by selective reduction in MTCE.26 
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(MTCO-1 homologue; from mtDNA) relative to H28016.1 (ATP5A 
homologue; from nDNA) expression (Fig. 3g). The mitonuclear 
protein imbalance and consequences for mitochondrial function was 
similar to the long-lived cco-1 mutant—deficient for the nDNA- 
encoded worm homologue of complex IV, subunit Vb/COX4—but 
not observed in the short-lived complex I] SDHC mutant mev-1 
(Fig. 3g). Furthermore, mitochondria had a more punctuate globular 
pattern instead of the regular reticular or tubular appearance in both 
muscle (Fig. 3h) and intestine, a finding confirmed by electron micro- 
scopy (Supplementary Fig. 3a, b). 

To identify which ‘longevity pathways’—insulin/IGF-1 signal- 
ling’, caloric restriction** or mitochondrial dysfunction??—are 
required for the lifespan phenotype, we reduced mrps-5 expression 
in worms carrying mutations in these pathways. mrps-5 RNAi 
increases lifespan by ~40% in wild type (Fig. 3i), similar to the effect 
in daf-2, daf-16, eat-2, sir-2.1 and aak-2 mutants (Fig. 3j-l and 
Supplementary Fig. 4a—e) indicating that mrps-5 regulates longevity 
independently of insulin/IGF-1 (daf-16/daf-2) and caloric restriction 
(eat-2/sir-2.1) and acts downstream of mitochondrial regulator aak-2. 

We focused on the mitochondrial pathway, because (1) it robustly 
effects longevity”; (2) MRPs function in the translation of mtDNA- 
encoded oxidative phosphorylation subunits®’; and (3) in the BXDs, 
Mrps5 networked with several oxidative phosphorylation compo- 
nents (Fig. 2d). mrps-5 RNAi reverts the short-lived phenotype of 
mev-1 mutants, with a dramatic 112% lifespan extension (Fig. 3m 
and Supplementary Fig. 4f). mrps-5 RNAi in the cco-1 mutants did 
not extend lifespan compared to mrps-5 RNAi alone, indicating that cco- 
Zand mrps-5 act ina similar fashion (Fig. 3n and Supplementary Fig. 4g). 
The same is true for mrps-5 RNAi in the mitochondrial clk-1(e2519) 
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Figure 3 | mrps-5 RNAi prevents ageing-associated functional decline and 
alters mitochondrial function. a, Knockdown of mrpl-1, mrpl-2 or mrpl-37 
increased lifespan by 57%, 54%, or 41%, respectively. b, When RNAi of mrps-5 
was performed during the larval stages only, lifespan increased by 48%, whereas 
RNAistarted from the L4 stage had no effect. P = 0.001 is for larval-only versus 
either vector control or adult-only. c, mrps-5 or cco-1 RNAi prevented age- 
related changes in muscle morphology as evidenced by a worm Pyyo-3MYO- 
3::GFP reporter marking myosin heavy chain. d, mrp RNAi in C. elegans 
decreased respiration. Respiration per worm is shown, respiration was similarly 
decreased when corrected for protein. FCCP was added at the indicated time. 
Values are mean + s.e.m. (n = 10), ***P = 0.001. e-g, mrps-5 RNAi decreased 


ATP levels (e, n = 3), citrate synthase activity (f, n = 3), and altered the ratio 
between nDNA (ATP5A) versus mtDNA-encoded (MTCO1) oxidative 
phosphorylation proteins, similar to cco-1, but not mev-1 (g, n = 4). *P = 0.05. 
A, attenuance. h, mrps-5 RNAi resulted in fragmented mitochondria, as 
visualized in body wall muscle (day 2, adult worms) using the pyyyo-3::mito::GFP 
reporter, which expresses mitochondrial-targeted GFP driven by the muscle- 
specific myo-3 promoter. i, mrps-5 RNAi increased mean lifespan by 40%. 
j-m, mrps-5 RNAi extends lifespan of daf-16(mu86) (j), sir-2.1(0k434) 

(k), aak-2(0k524) (1), mev-1(kn1) (m) mutants by 37%, 40%, 69% and 112%, 
respectively. n, Knockdown of cco-1 does not extend lifespan of mrps-5 RNAi 
worms. See Supplementary Table 2 and Fig. 4. 
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mutant, confirming the link with mitochondrial longevity pathways 
(Supplementary Fig. 4h). 


Mitochondrial unfolded protein response 

The mitochondrial unfolded protein response accounts for longevity 
upon cco-1 loss-of-function and is selective for the mitochondrial 
pathway and not involved in the caloric restriction or insulin/IGF-1 
pathways”*. UPR™ is induced by mitochondrial stress, subsequently 
activating a nuclear transcriptional response, inducing the chaper- 
ones HSP-6 (HSP-70 in mammals) and HSP-60 to restore mitochon- 
drial proteostasis”*’’”. We monitored UPR™ using hsp-6::GFP (green 
fluorescent protein) and hsp-60::GFP reporter worms with reduced 
mrp expression. Similar to the cco-1 mutant’, hsp-6 and hsp-60 were 
induced in worms with reduced mrp (Fig. 4a—c and Supplementary 
Fig. 5a, b). This was specific for UPR™ as mrps-5 RNAi did not affect 
UPR in the endoplasmic reticulum (UPRE®) and cytosolic heat shock 
response (Supplementary Fig. 5c). As for lifespan, UPR™ was not 
induced when mrp expression was only inhibited during adulthood 
(Supplementary Fig. 5d). We measured UPR™ upon combined 
mrps-5 and mev-1 inactivation. Whereas mev-1 RNAi alone did not 
induce UPR™ (Fig. 4c, d), combined inactivation induced mitonuc- 
lear protein imbalance (Supplementary Fig. 5e) and synergistically 
induced UPR™ (Fig. 4d), accounting for the extended lifespan. Double 
inactivation of mrps-5 and cco-1 did not further enhance UPR™ com- 
pared to mrps-5 alone (Fig. 4d), in line with the similar lifespan. 

There are individual differences in the degree of UPR™ within the 
mrps-5 RNAi worm population, which tightly correlate with lifespan 
extension (Supplementary Fig. 5f, h). GFP expression stayed similar 
throughout life, demonstrating that this is not an artefact of transi- 
ently reduced food intake (Supplementary Fig. 5i). To further link the 
level of UPR™ to longevity, we measured UPR™ in worms treated 
with RNAi against mrp genes”. Reduced expression of each mrp gene 
activated UPR™ to a different degree (Supplementary Fig. 6a). The 
level of UPR™ again correlated significantly with lifespan extension 
(Fig. 4e, Supplementary Fig. 6a, b and Supplementary Table 3). 


Two downstream effectors of UPR™ are HAFI1, a mitochondrial 
peptide transporter”, and UBLS, a ubiquitin-like protein that regu- 
lates the transcriptional activation of mitochondrial chaperones”. 
Knockdown of haf-1 along with mrps-5 RNAi reduced lifespan exten- 
sion, UPR™ and increased respiration (Fig. 4f-h). Similarly, when 
both ubl-5 and mrps-5 were knocked down, lifespan extension, the 
respiration phenotype and UPR™ were partially lost, in line with the 
double cco-1 and ubl-5 RNAi treatment” (Supplementary Fig. 7a-f). 

This network could be traced back to mice, as Ubl5 and the most 
likely mouse haf-1 homologue—Abcb10—correlated tightly with Mrp 
genes, for instance in the hippocampus of the BXDs”' and in adipose 
tissue of F2-intercrossed mice'’ (Fig. 4i and Supplementary Fig. 7g). 
Additionally, Hspd1 (also known as Hsp60) correlated with several Mrp 
genes (Fig. 4i and data not shown). Gene ontology analysis showed 
strong connectivity between UbI5 and oxidative phosphorylation genes 
(P=9X 10 * in eye; P= 8.62 X 10 '° in hippocampus), the trans- 
lation process or ribosome (P = 6 X 10° * eye; P= 6.03 X 10° '° hip- 
pocampus) and the mitochondrial inner membrane (P = 1 X 10 * eye; 
P=3.31 X10 ~” hippocampus) in the BXDs. Finally, we tied Hspd1 in 
a close correlation network with various Mrp and oxidative phosphor- 
ylation genes (Fig. 4j). 


Pharmacological mitonuclear protein imbalance 

Many mitochondrial functions can be traced back to their endosym- 
biotic ‘bacterial’ origin. Consequently, antibiotics that target bacterial 
translation also inhibit mitochondrial translation. We therefore used 
doxycycline to confirm the role of mitochondrial translation in lon- 
gevity, using carbenicillin—targeting the bacterial cell wall—as a con- 
trol. We used heat-killed OP50 or live HT115 bacteria—the latter 
insensitive to low concentrations of doxycycline (data not shown)— 
to feed worms, to prevent antibiotic effects on bacteria. Doxycycline, 
given throughout life, dose-dependently extended lifespan, induced 
UPR™ not UPR®, and reduced oxygen consumption, without affect- 
ing ATP levels or citrate synthase activity (Fig. 5a—e and Supplemen- 
tary Fig. 8a, b). Doxycycline at 60pgml ' caused developmental 
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Figure 4 | mrp genes confer longevity effects through UPR™. a, RNAi of 
mrp genes induced UPR™ (hsp-6::GEP reporter), similar to cco-1 knockdown. 
Worms were synchronized at day 1 of adulthood. DIC, differential interference 
contrast. b, Quantification of UPR™ upon knockdown of mrp or cco-1 (n = 4). 
¢, mrps-5 and cco-1, but not mev-1, RNAi induce UPR™ as reflected by the 
induction of HSP-6::GFP protein. d, Combined RNAi of mrps-5 and mev-1 
synergistically increased UPR™, whereas combined cco-1 and mrps-5 RNAi did 
not further increase UPR™ (n = 6). e, Knockdown of different mrp genes 
results in different levels of UPR™, which correlates with mean lifespan 
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(n = 33-61 worms for lifespan, n = 3 for GFP). f-h, Epistasis with UPR™ 
regulator haf-1. Double RNAi of mrps-5 and haf-1 partially prevented lifespan 
extension (f), UPR™ (g, n = 5), and reduction in respiration (h, n = 10), 
compared to mrps-5 RNAi alone. i, In various tissues of mouse crosses, UbI5, 
Abcb10 and Hspd1 expression correlated with Mrp expression. j, Hspd1 (also 
known as Hsp60) ties in a correlation network with Mrp and oxidative 
phosphorylation genes. Connecting lines indicate a Pearson correlation 
coefficient of 0.75-1.0. Bar graphs show mean = s.e.m., *P = 0.05; **P = 0.01; 
***P = 0.001. See also Supplementary Figs 5-7 and Supplementary Table 3. 
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delay, like mrps-5 RNAi, but no abnormalities were apparent at lower 
concentrations (data not shown). A low concentration of doxycycline 
(6pg ml '), given only during development, also increased lifespan 
and UPR™ and attenuated respiration (Fig. 5f-h). Chloramphenicol— 
belonging to a different class of antibiotics targeting translation—also 
increased lifespan and UPR™, at the same time as decreasing respira- 
tion (Fig. 5i-k), when administered during development. Similar to mrps- 
5 RNAi, doxycycline increased the ratio of nDNA- (ATP5A) over 
mtDNA-encoded (MTCO1) oxidative phosphorylation proteins (Fig. 51). 

Linking back to mammals, doxycycline decreased respiration in a 
mouse hepatocyte cell line (Fig. 5m). Doxycycline also induced UPR™, 
as evidenced by induction of Hsp60 (Fig. 5n) and the UPR™ protease 
ClpP (Supplementary Fig. 8c), and increased HSP60 protein expression 
in hepatocyte cell lines and primary murine hepatocytes (Fig. 50, p). 
Doxycycline induced a striking mitonuclear protein imbalance in 
hepatocytes (Fig. 50, p). Finally, feeding mice with doxycycline for 
10 days lowered oxygen consumption in vivo, indicative of attenuated 
mitochondrial function (Fig. 5q). 

Similar effects on mitonuclear protein imbalance, UPR™, respira- 
tion and lifespan, without affecting mitochondrial morphology, were 
also observed in worms exposed to low concentrations of ethidium 
bromide, which inhibits mtDNA transcription specifically? (Sup- 
plementary Fig. 8d-h). This indicates that mitonuclear protein imbal- 
ance is the common underlying mechanism that links basic mitochondrial 
function to lifespan regulation. 


A conserved longevity mechanism 


To define how intricately mitonuclear protein imbalance and UPR™ 
are involved in longevity, we analysed its activation in worms exposed 


ARTICLE 


to rapamycin*’**. Rapamycin inhibits TOR signalling to alter nDNA 
translation, inducing mitonuclear protein imbalance*’, and increases 
lifespan in various species, including mice*’. Rapamycin also 
increased mean worm lifespan (by 16%)** in a ubl-5-dependent man- 
ner, induced UPR™, but not UPR®® or heat shock response, and 
increased respiration (Fig. 6a, c and Supplementary Fig. 9a). This 
was associated with increased ATP levels, equal citrate synthase acti- 
vity and altered nDNA/mtDNA oxidative phosphorylation protein 
ratio (Fig. 6d, e). Additionally, rapamycin changed the balance 
between nDNA- and mtDNA-encoded oxidative phosphorylation 
subunits in mouse hepatocytes in a dose dependent manner (Fig. 6f, 
g). This mitonuclear protein imbalance induced HSP60 and ClpP 
(Fig. 6f-h). Similarly, the lifespan enhancer resveratrol induced 
mitonuclear protein imbalance in hepatocytes (Fig. 6i) and ubl-5- 
dependently increased worm lifespan and UPR™, but not UPR*® or 
heat shock response, at the same time as increasing respiration and 
maintaining ATP levels and citrate synthase activity (Supplementary 
Fig. 9b-f). Mitonuclear protein imbalance and UPR™ hence repres- 
ent an overarching mechanism of longevity that also can be engaged 
by pathways that signal mainly through the nucleus. 

Finally, we tested whether reactive oxygen species (ROS) and mito- 
hormesis, a theory which posits that an initial ROS burst (after 24h) 
induces adaptive long-term protection*’, could explain our worm 
phenotypes. However, no ROS was produced after 24h of mrps-5 
RNAi or doxycycline, rapamycin or ethidium bromide treatment 
(Supplementary Fig. 10a). In addition, the mitohormesis regulators 
daf-16 and aak-2 (ref. 36, 37) were not involved in UPR™ induction 
(Supplementary Fig. 10b) or lifespan extension (Fig. 3), 1) following 
mrps-5 RNAi. Finally, the ROS scavenger N-acetylcysteine (NAC) did 
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Figure 5 | Specific antibiotics extend lifespan by phenocopying mrps-5 
knockdown. a, Effects on worm lifespan of doxycycline (30 jg ml‘), compared 
to carbenicillin (30 jig ml’) or vehicle. P < 0.001 refers to statistical significance 
of doxycycline compared to either vehicle or the carbenicillin control. Antibiotics 
were given throughout life in panels a-e. b, The effects of doxycycline (Dox) on 
lifespan are dose-dependent. c-e, Doxycycline induced UPR™ (c, n =5) and 
reduced respiration (d, n = 10), without changing citrate synthase activity 

(e, n = 3). f-k, When treated only during larval development, doxycycline 

(6 ug ml ', f-h) and chloramphenicol (Chloram, 100 pg ml '; i-k) extend 
lifespan (f, i), induced UPR™ (g, j, n = 5) and reduced respiration (h, k, n = 6). 


1, Doxycycline alters the ratio between nDNA- (ATP5A) and mtDNA-encoded 
(MTCO1) oxidative phosphorylation proteins in worms. Doxycycline decreased 
respiration in a cultured hepatocyte cell line (m, = 5), induced Hsp60 
transcription, as measured using an Hsp60 promoter reporter (n, n = 8) and 
increased HSP60 protein expression and altered the ratio of NDNA- (UQCRC2) 
versus mtDNA- (MTCOD) encoded proteins (0, n = 2). p, Doxycycline increased 
HSP60 protein and altered the ratio of nDNA- versus mtDNA-encoded proteins 
in primary murine hepatocytes. q, Doxycycline (50 mg kg” ' day” ') for 10 days in 
C57BL/6N mice decreased oxygen consumption (1 = 10). LBM, lean body mass. 
See also Supplementary Table 2. *P = 0.05; **P = 0.01; ***P =0.001. 
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Figure 6 | Conserved function of mitonuclear protein imbalance and 
UPR™ in longevity. a, Rapamycin (Rapa, 1 nM) extends worm lifespan in a 
ubl-5-dependent manner; b, ubl-5-dependently induced UPR™ (hsp-6::GFP) 
but not UPR®® (hsp-4::GFP) (n = 4). c-e, Rapamycin increased respiration 
(c, n= 10) and ATP content but not citrate synthase activity (d, n = 3) and 
induced mitonuclear protein imbalance (e). f-h, In mouse hepatocytes, 
rapamycin induces mitonuclear protein imbalance (f, g) and induces UPR™ as 


not abrogate the mrps-5 RNAi- or rapamycin-induced UPR™, nor did 
it suppress longevity (Supplementary Fig. 10c-f), similar to NAC- 
treated cco-1 RNAi worms”. Together, these data demonstrate that, 
even though mitohormesis is important for insulin/IGF1-dependent 
ageing’”, UPR™-mediated longevity is independent of ROS. 


Discussion 

Using the BXD inbred wild type mouse panel, we identified a chro- 
mosome 2 QTL that is responsible for longevity, with Slcl12a1, Mrps5 
and T?l showing strong correlation with lifespan. A holistic approach, 
involving bioinformatics, genetics and pharmacological strategies in 
both worms and mammals, established that Mrps5 and the Mrp 
protein family are the main actors in metabolic lifespan regulation. 
The MRPs constitute the mitoribosome that regulates translation of 
13 mtDNA-encoded proteins, underscoring the vital importance of 
mitochondrial protein production®’. 

Inhibiting mitochondrial translation reduced respiration and 
extended lifespan. There is an apparent dichotomy, however, as rapa- 
mycin (this study) as well as NAD* boosters—resveratrol (this study), 
nicotinamide riboside, nicotinamide and PARP inhibitors (L.M., 
R.H.H. and J.A., unpublished observations)—couple longevity to 
increased respiration. Abnormal mitochondrial proteostasis could 
reconcile these disparate observations. Knockdown of mrps-5 or 
cco-1 affect proteostasis and activate UPR™ (refs 25, 28). From the 
cco-1 study” it was, however, unclear if there was a direct connection 
between the level of UPR™ and the lifespan extension. Our data 
demonstrate a positive correlation between the level of UPR™ and 
lifespan. Moreover, UPR™ seems to result from an imbalance 
between mtDNA- and nDNA-encoded proteins and is a common 
feature linking mitochondrial longevity pathways. Genetic defects 
in mrp or respiratory chain genes, antibiotics that inhibit translation, 
or moderate mtDNA transcription inhibition, induce such a mito- 
nuclear protein imbalance from within mitochondria. Conversely, 
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shown at the protein (f, g, n = 3), and transcriptional (h, n = 8) level. 

i, Resveratrol (Resv, 25 uM) induced mitonuclear protein imbalance in mouse 
hepatocytes (n = 4). j, Hypothetical scheme of the mechanism by which 
reduced Mrp expression (during ageing or genetic inactivation), specific 
antibiotics, ethidium bromide and rapamycin and resveratrol extend lifespan 
by inducing UPR™. Bar graphs are shown as mean + s.e.m., *P < 0.05; 

**P = 0.01; ***P = 0.001. See also Supplementary Table 2. 


resveratrol and rapamycin change the production of nDNA-encoded 
mitochondrial proteins and if this is not matched with the levels of 
mtDNA-encoded proteins, mitonuclear protein imbalance and UPR™ 
will also ensue, which favours longevity (Fig. 6j). The reason why mev-1 
mutants do not display UPR™ is consistent with the fact that complex 
Il is entirely nDNA-encoded and therefore does not require a balanced 
production of proteins from the nDNA and mtDNA. Additionally, 
complex II can be bypassed for mitochondrial ATP generation and 
is not part of oxidative phosphorylation supercomplexes**. Although 
further work to validate this hypothesis is warranted, this could explain 
apparent contradictions such as why mutations that either decrease or 
increase respiration can both induce longevity. 

Our data identify MRPs as a novel longevity protein family, con- 
served from worms to mammals. The identification of these genes was 
triggered by analysis of murine reference populations. Hence, it is nat- 
ural variation in Mrp expression, not artificial loss- or gain-of-function, 
that translates to longevity. In worms, longevity involves enhanced 
fitness and UPR™, and correlates tightly with levels of mrp knockdown. 
Our data suggest that stoichiometric imbalance between nDNA- and 
mtDNA-encoded oxidative phosphorylation proteins, or mitonuclear 
protein imbalance, is at the core of UPR™ activation, both in worms 
and mammals. The apparent conservation of mitonuclear protein 
imbalance and UPR™ as a general longevity mechanism should invite 
further studies to explore whether targeting UPR™ can prevent ageing- 
associated functional decline and treat diseases linked with ageing. 


METHODS SUMMARY 


For the identification of novel longevity genes we used publicly available longevity 
data of the BXD genetic reference population. We used interval mapping in 
GeneNetwork (http://www.genenetwork.org; Trait ID 10112) for QTL analysis. 
Pearson’s r genetic correlation was performed to establish genetic correlations 
with longevity. Candidate longevity genes were knocked down in wild type C. 
elegans strain Bristol N2, which were tested for lifespan at 20 °C. Worm UPR™ 
was measured in the hsp-6::GFP or hsp-60::GFP reporter strains, and additional 
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mechanistic information was obtained after knockdown in other worm strains, as 
described in the online Methods. Treatments with carbenicillin, doxycycline, 
chloramphenicol, ethidium bromide, N-acetylcysteine, resveratrol and rapamy- 
cin (all from Sigma) were performed with heat-killed bacteria or with HT115 
bacteria. Oxygen consumption in worms was measured using the Seahorse XF24 
(Seahorse Bioscience) using 50 worms per well. 

Mouse hepatocyte cell lines AML-12 or Hepal-6, or primary mouse hepato- 
cytes were used for mammalian conservation assays. UPR™ was measured using 
luciferase reporters containing human Hsp60 and ClpP promoter fragments and 
cellular oxygen consumption was measured using the Seahorse XF24 equipment. 
Mouse indirect calorimetry was performed in wild type C57BL/6N mice treated 
for 10 days with 50 mgkg ‘day ' doxycycline as a food admix. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Forward genetics. For the in silico search for longevity genes, we have used 
publicly available longevity data of the BXD genetic reference population*”. We 
used interval mapping in GeneNetwork (http://www.genenetwork.org), Trait ID 
10112 for QTL analysis. Pearson’s r genetic correlation was performed to estab- 
lish genetic correlations with longevity (Eye M430v2 Data Set (Sept08) RMA)”. 
Principle component analysis (PCA) was performed using tools implemented in 
GeneNetwork. 

Reverse genetics. We used BXD mice (Trait ID 1448488 _at from Eye M430v2 
(Sep08) RMA) and an F2 cross (Trait ID 10024407239 from UCLA BHF2 
Adipose (June05) mlratio)*! to analyse Mrps5 correlates. We primarily used 
microarray data from the eye of BXD mice, as this organ contains multiple tissues 
and cell types—for example, neuronal and muscle—and because this microarray 
is very well annotated. We analysed correlates as follows: we selected the top 250 
Mrps5 correlates in both databases and performed Kyoto encyclopedia of genes 
and genomes (KEGG) and gene ontology analysis. For the network approach, we 
selected the oxidative phosphorylation genes within the top 250 traits associated 
with Mrps5 and used the Pearson correlation coefficients to create a network 
(threshold = 0.6). For UbI5 and Hspd1 correlates, we used a BXD hippocampus 
database*’, and adipose tissue data from an F2 intercross*'. The Hspd1 network 
was generated by selecting the oxidative phosphorylation and Mrp genes in the 
top 500 correlates in the F2 intercross adipose tissue (threshold = 0.75). 
Hierarchical clustering. Unsupervised hierarchical clustering was performed 
using complete linkage and Pearson rank correlation distance on the z-score 
normalized gene expression data using software implemented in GenePattern?”. 
C. elegans strains and RNAi experiments. Strains used were wild-type Bristol 
N2, CB1370 daf-2(e1370) III, CB4876 clk-1(e2519) III, CF1038 daf-16(mus6) I, 
DA465 eat-2(ad465) II, RB754 aak-2(0k524) X, VC199 sir-2.1(0k434) IV, TK22 
mev-1(kn1) II, SJ4100 (zcls13[hsp-6::GFP]), SJ4058 (zcls9[hsp-60::GFP]), $J4005 
(zcls4[hsp-4::GFP]), $J4103 (zcIs14myo-3::GFP(mit)]), SJ4143  (zcls17ges- 
1::GFP(mit)]), RW1596 stEx30[myo-3p::GFP +rol-6(sul1006)], and CL2070 
(dvIs[hsp-16.2::GFP]). Strains were provided by the Caenorhabditis Genetics 
Center (University of Minnesota). 

Bacterial feeding RNAi experiments were carried out as described“. Clones 
used were mrps-5 (E02A10.1), mrpl-1 (F33D4.5), mrpl-2 (F56B3.8), mrpl-37 
(Y48E1B.5), cco-1 (F26E4.9), nkcc-1 (Y37A1C.1), ubl-5 (F46F11.4), haf-1 
(C30H6.6), mev-1 (T07C4.7), mrp-17 (R12E2.12), mrpl-47 (B0261.4), mrpl-23 
(T08B2.8), mrpl-54 (F25H5.6), mrps-30 (B0511.8), mrps-27 (K11B4.1) and 
mrpl-15 (Y92H12BR.8). Clones were purchased from GeneService and sequenced 
and RNAi clone information is shown in Supplementary Table 4. Double RNAi 
experiments were carried out by mixing the bacterial cultures directly before 
seeding on NGM plates. Controls were RNAi clones 50% diluted with control 
empty vector RNAi bacteria. 

Lifespan tests were performed at 20 °C as described*. Treatments with carbe- 
nicillin, doxycycline, chloramphenicol, ethidium bromide, N-acetylcysteine, 
resveratrol and rapamycin (all from Sigma) were performed with heat-killed 
bacteria*® or with HT115 bacteria. 

Construction of ttll-9 RNAi clones. The RNAi clone was cloned by reverse 
transcription PCR amplification of the corresponding cDNA from total RNA 
with following primers: ttll-9-XbaI (601-960): 5'-GGGTCTAGATCATAGCC 
ATACAGCTCGAAACAGTGGTTATCT-3’, f#ll-9-KpnI (601-960): 5’-GGGG 
GTACCAAGTTCGATGTCAGAATCTATGTGCTGGTT-3’. PCR products 
were digested with KpnI/Xbal, and ligated into appropriately digested plasmid 
14440. 

Microscopy and GFP analysis. GFP expression and quantification were carried 
out as described”. Briefly, eighty worms (day 1 adults) were picked (20 per well of 
a black-walled 96-well plate) and GFP was monitored on a Victor X4 plate reader 
(Perkin Elmer). Each experiment was repeated at least twice. For picture acquisi- 
tion of hsp-6::GFP expression, animals were mounted on 2% agarose pads in 
10 mM tetramisole (Sigma) and examined using a Zeiss Axioplan-2 microscope 
(Carl Zeiss). Time lapse was performed by recording 10 pictures of mobile worms 
with a 10s interval. Worm tracking was carried out using ImageJ software. 
Experiments were conducted with three worms from different plates. 

Confocal microscopy and image processing. Worms were immobilized with 
tetramisole (Sigma) and mounted on 6% agarose pads on glass slides. Images were 
acquired using Zeiss LSM 700 upright confocal microscope (Carl Zeiss). For each 
condition, several worms were imaged. Image processing was performed with Fiji 
software. Tracing of the mitochondrial network contour was done by the use of 
Gaussian blur filter followed by the application of Laplacian operator. 

Worm respiration assays. Oxygen consumption was measured using the 
Seahorse XF24 (Seahorse Bioscience). Typically, 200 animals were recovered from 
NGM plates with M9 medium, washed three times to eliminate residual bacteria, 
and resuspended in 5001 M9 medium. Worms were transferred in 24-well 


Seahorse plates (50 worms per well) and oxygen consumption was measured 6 
times. FCCP treatment was performed at 10 11M final concentration. 

MitoSox staining. MitoSox staining was performed as previously described with 
slight modification’. Briefly, a population of 100 worms was recovered in 1 ml of 
M9 buffer, washed three times to remove residual bacteria, and resuspended in 
200 pil of 1:200 MitoSox stock solution (initial stock solution was dissolved at 
1 mM in dimethylsulphoxide (DMSO)). After 20 min of treatment, worms were 
washed five times in 1 ml of M9 buffer to eliminate the MitoSox reagent and then 
transferred in a black-walled 96-well plate for reading. 

Quantification of ATP levels and citrate synthase enzymatic activity. Total 
ATP content was measured by the CellTiter-Glo luminescent cell viability assay 
(Promega). The luminescence was recorded with a Victor X4 plate reader 
(PerkinElmer) and values normalized by the total protein concentration deter- 
mined using a Bradford assay. 

Citrate synthase enzymatic activity was determined using the CS assay kit 
(Sigma). Absorbance at 412 nm was recorded on a Victor X4 (PerkinElmer) with 
10 readings over the 1.5 min timespan. These readings were in the linear range of 
enzymatic activity. The difference between baseline and oxaloacetate-treated 
samples was obtained and used to calculate total citrate synthase activity accord- 
ing to the formula provided in the manual. 

Worm electron microscopy. Worms were fixed using high pressure freezing 
(Leica Micosystems, HPM100) in low melting point agarose, freeze substituted 
in 0.5% osmium tetroxide, and 0.5% uranyl acetate in acetone at —90 °C, and then 
slowly warmed to —10 °C and transferred to pure acetone. Worms were embed- 
ded in increasing concentrations of epon resin at 20 °C, transferred to flat embed- 
ding moulds in pure resin, and cured at 65 °C for 48 h. Serial sections were cut at 
50 nm, and placed onto formvar support films on single slot copper grids. These 
were imaged at 80 kV filament tension in a transmission electron microscope with 
a charge coupled device (CCD) camera (Tecnai Spirit, FEI Company, with Eagle 
4k X 4k CCD camera). 

Hsp60 and ClpP reporter assays. Human HSPD1 (also known as Hsp60) and 
CLPP promoter fragments (—603 to +735 for Hsp60, and —1272 to +337 for 
CLPP) were amplified and ligated into the pGL3 basic vector (Promega). Primers 
used were HSP60-forward (5'-GACAACGCGTAACAAAAGAGGGGCGTCAG- 
3’) and HSP60-reverse (5'-GACACTCGAGCCCTGAGAAACCAAGTCAGC- 
3’), and ClpP-forward (5'-GACAACGCGT CTTTCCGGTCTGATCTCCAG-3’) 
and ClpP-reverse (5’-GACACTCGAGGTACCGTCTGCTCCACCAC-3’). The 
primers were tailed with Mlul site (forward) and Xhol site (reverse). 

The mouse hepatocyte cell line AML-12 (alpha mouse liver 12) was obtained 
from ATCC (Manassas). Cells were grown according to the supplier guidelines 
but in the absence of antibiotics unless specified. 

Transfections were performed in 96-well plates using jetPEI (PolyPlus). Each 
well contained 30 ng of luciferase reporter and 5 ng of B-galactosidase expression 
plasmid. After 6h of incubation with the DNA-jetPEI complexes, the transfection 
medium was exchanged for medium with or without doxycycline. Doxycycline 
was dissolved in DMSO and added to the cells in the medium. 

Luciferase activity was measured with the luciferase assay system (Promega) in 
the Victor X4 (PerkinElmer) and normalized to B-galactosidase activity. 

Cell culture and oxygen consumption. Hepal-6 mouse liver cells were maintained 
in DMEM medium containing 4.5g per litre glucose and 10% fetal calf serum. 
Hepal-6 cells were incubated for 48h with doxycycline or chloramphenicol (both 
Sigma) in medium containing 1 g per litre glucose, with 1% (v/v) oleate-BSA (Sigma) 
supplementation, and without any other antibiotics. Oxygen consumption was mea- 
sured using the Seahorse XF24 equipment”, and normalized for protein content. 
Mouse indirect calorimetry. Wild type C57BL/6N mice were treated for 10 days 
with 50 mgkg ' day” ' doxycycline (Sigma) as a food admix. Oxygen consump- 
tion (VO2) was monitored by indirect calorimetry using the comprehensive 
laboratory animal monitoring system (CLAMS) (Columbus Instruments)”. 
Culture of primary hepatocytes. Primary hepatocytes were prepared from 8-10- 
week-old C57BL/6 mice by collagenase perfusion method as described*"”. Isolated 
primary hepatocytes were plated with medium 199 (Gibco) including 10% FCS, 10 
units per ml penicillin and 10 ppg ml streptomycin. After 3-6 h attachment, cells 
were replaced with media without FCS and treated with 30 jg ml’ doxycycline or 
DMSO every 24h. Primary hepatocytes were harvested 48 h later. 

Western blotting. Western blotting was performed with antibodies against 
HSP60 (N-20), HSP90 (BD Transduction Laboratories), B-actin (Santa Cruz 
Biotechnology), MitoProfile Total OXPHOS Rodent WB Antibody Cocktail 
against ATP5A (H28016.1 in worms), MTCO1/COX1 (MTCE.26 in worms) 
and UQCRC2 (Abcam), green fluorescent protein (Cell Signaling) HRP-labelled 
anti-goat and anti-mouse secondary antibodies. 
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Pifl family helicases suppress genome 
instability at G-quadruplex motifs 


Katrin Paeschkel+*, Matthew L. Bochman!, P. Daniela Garcia!, Petr Cejka*+, Katherine L. Friedman’, 


Stephen C. Kowalezykowski’ & Virginia A. Zakian! 


The Saccharomyces cerevisiae Pifl helicase is the prototypical member of the Pifl DNA helicase family, which is 
conserved from bacteria to humans. Here we show that exceptionally potent G-quadruplex unwinding is conserved 
among Pifl helicases. Moreover, Pifl helicases from organisms separated by more than 3billion years of evolution 
suppressed DNA damage at G-quadruplex motifs in yeast. The G-quadruplex-induced damage generated in the 
absence of Pifl helicases led to new genetic and epigenetic changes. Furthermore, when expressed in yeast, human 
PIF1 suppressed both G-quadruplex-associated DNA damage and telomere lengthening. 


G-quadruplex (also known as G4) DNA is a four-stranded DNA struc- 
ture held together by guanine (G) base pairing, and most genomes are 
replete with G4 motifs—that is, sequences that can form G4 structures 
in vitro’. Several DNA helicases unwind G4 structures in vitro, includ- 
ing several human helicases (WRN, BLM, FANCJ and PIF1), the muta- 
tion of which is associated with genome instability, premature ageing 
and/or increased cancer risk (Supplementary Table 1). 

The S. cerevisiae 5'-to-3' DNA helicase Pifl has multiple nuclear 
functions, including inhibition of telomerase at both telomeres and 
double-strand breaks** and preventing replication pausing and 
double-stranded breaks at G4 motifs®’. Unlike most eukaryotes, 
which encode one Pifl helicase, S. cerevisiae encodes two, Pifl and 
Rrm3 (ref. 8). However, Pifl and Rrm3 have different functions. Until 
now, the only known nuclear functions of Rrm3 were to promote 
replication past stable protein complexes’ and to separate converged 
replication forks*’°. Although the functions of human PIF1 are not 
known, mutation of a conserved PIF1 residue in the Pifl family sig- 
nature motif" is associated with increased cancer risk’. 


Pifl is a potent G4 binder and unwinder 


So far, more than 20 tested helicases, including both S. cerevisiae Pifl 
and human PIF1, bind and/or unwind Gé4 structures in vitro 
(Supplementary Table 1). To determine whether S. cerevisiae Pifl is 
particularly adept at unwinding G4 structures, we analysed its G4 
binding and unwinding activities in a quantitative manner. Filter- 
binding assays were used to quantify Pifl binding to different DNA 
substrates (Fig. 1 and Supplementary Fig. 1; oligonucleotides in 
Supplementary Table 2). Pifl had a preference for poly-purine tracts 
(Fig. la), which was consistent with its preference for G-rich (dis- 
sociation constant (Ka) = 0.04nM) over non-G-rich (Kg = 0.2 nM) 
single-stranded DNA (ssDNA) (Fig. 1c). Pifl displayed similarly high 
binding to G4 DNA (average Ky = 0.08 nM for three G4 motifs; Fig. le), 
which was roughly 500-fold better than its binding to Y-structures (that 
is, Y-shaped DNA structures consisting of ssDNA arms connected to a 
double-stranded DNA stem) (Supplementary Fig. 1). 

S. cerevisiae Pifl efficiently unwound seven out of seven G4 sub- 
strates, six from S. cerevisiae chromosomal DNA and TPgy4, and a 
standard G4 substrate from the mouse immunoglobulin locus 


(Fig. 2a, d-f and data not shown; sequences in Supplementary 
Table 2). The apparent Michaelis constant (K,,) of unwinding for 
each G4 structure occurred at equimolar concentrations of Pifl and 
the G4 substrate (0.1nM) (Fig. 2a, d). By contrast, using the same 
enzyme preparation, a fivefold molar excess of Pifl was required to 
unwind Y-structures (Fig. 2a), even though Y-structures are consi- 
dered preferred Pifl substrates’’. 

S. cerevisiae Pifl unwinding rates of G4 structures (Fig. 2a, d) were 
too fast at 30°C to quantify. Therefore, time-course analyses were 
performed at a suboptimal temperature (25°C; Fig. 2e). Even at 
25 °C, Pifl unwound 100% of the G4 substrate in 2 min. Although 
Pifl cannot unwind Y-structures under single-cycle conditions" (that 
is, in the presence of a 500-fold excess of unlabelled G4 DNA), it 
unwound G4 structures under single-cycle conditions with no change 
in kinetics (Fig. 2f). Thus, G4 structures are a preferred Pifl substrate. 


Bacterial Pifls are potent G4 unwinders 


We are unable to purify full-length Rrm3, Pfhl (the Schizosac- 
charomyces pombe Pifl family helicase), or human PIF1 (ref. 11). 
However, the sequences of many bacterial Pifl proteins are 
available’*. To determine whether vigorous G4 unwinding is con- 
served among Pifl family helicases, we purified Pifl proteins from 
four diverse bacteria and a bacteriophage. All five enzymes robustly 
unwound the rDNA, and TP, substrates with apparent K,, values 
in the subnanomolar to nanomolar range (Fig. 2d and Supplementary 
Fig. 2a—f). As with S. cerevisiae Pifl, each of these Pif1 family helicases 
unwound G4 DNA rapidly (Fig. 2e and Supplementary Fig. 2) and 
under single-cycle conditions (although not to completion) (Fig. 2c). 

To determine whether a helicase is particularly good at G4 DNA 
unwinding, one can compare its unwinding of G4 DNA to the 
unwinding of other substrates (for example, S. cerevisiae Pif1 unwind- 
ing of G4 DNA versus Y-structures; Fig. 2a) or compare the unwind- 
ing activity of multiple helicases on the same G4 substrate. As several 
RecQ family helicases unwind G4 structures in vitro (Supplementary 
Table 1), we tested Sgs1, an S. cerevisiae RecQ helicase, and Escherichia 
coli RecQ. Sgs1 bound ssDNA and unwound Y-structures at reported 
rates'° (Fig. 2b). However, Sgs1 did not bind preferentially to G-rich 
DNA (Fig. 1b, d), and the apparent Sgs1 binding affinity for four G4 
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Figure 1 | Pifl preferentially binds G4 DNA. a, b, Pifl (a) and Sgs1 
(b) binding to homopolymeric oligonucleotides. ¢, d, Pifl (c) and Sgs1 
(d) binding to 20-nucleotide substrates consisting of 25% each dNTP (non-G- 
rich, NG) or 75% purines (G-rich, GR; Supplementary Table 2). e, f, Pifl (e) and 
Sgsl (f) binding to G4 structures. Data are mean + s.d. from 23 experiments. 


structures was more than 40-fold lower than that of S. cerevisiae Pifl 
(Fig. 1f). Similarly, Sgs1 was considerably less efficient than all tested 
Pifl family helicases at unwinding G4 structures (for example, 1,000- 
fold molar excess of Sgs1 was needed to unwind 50% of the G4 struc- 
tures; Fig. 2e). E. coli RecQ displayed better unwinding of the TPg4 
substrate than Sgs1 (Fig. 2c, e, f), but the apparent K,, value of this 
activity was 160-fold greater than that of Pifl. 

Time-course experiments revealed slower unwinding of G4 struc- 
tures by Sgs1 and E. coli RecQ (Fig. 2e) relative to Pifl, and Sgs1 was 
unable to unwind G4 DNA under single-cycle conditions. Although 
E. coli RecQ did unwind the TP, substrate under single-cycle con- 
ditions (Fig. 2f), 500-fold more protein relative to Pifl was necessary 
for activity, yielding a half-life (t,,.) approximately tenfold greater 
than that of Pifl in the same assay. The same preparations of Sgs1 
and E. coli RecQ unwound a conventional Y-structure 100- and 10- 
fold better, respectively, than G4 structures (Fig. 2b, c). With WRN, a 
human RecQ helicase, we obtained a similar unwinding rate for TPg4 
and rDNAgz, as reported for TPg,4 (ref. 17); both were similar to 
unwinding by Sgs1 (Fig. 2e and Supplementary Fig. 3). Thus, three 
evolutionarily diverse RecQ helicases were much less effective than 
any tested Pifl family enzyme at G4 unwinding. 


Pifls suppress G4-induced instability 


We developed a quantitative assay to monitor G4-induced genome 
instability by modifying the gross-chromosomal rearrangement 
(GCR) assay’. The GCR assay detects complex genome rearrange- 
ments by simultaneous selection against URA3 and CANI (Fig. 3a). 
We modified this assay by inserting four strong Pifl-binding sites’, 
two G4 motifs (Chr Ig4, Chr Xg4) and two non-Gé4 sites (Chr VIIyc, 
not G-rich; Chr Ir, G-rich, not G4-forming; Supplementary Table 3), 
within the PRB1 locus, a non-essential gene that is centromere-prox- 
imal to the two counterselectable genes (Fig. 3a). As reported’’, the 
GCR rate in the ‘no insert’ wild-type control was approximately 
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Figure 2 | Pif1 helicases preferentially unwind G4 structures. af, G4 and 
Y-structure (both 100 pM) unwinding after 20 min (or as indicated) was 
assessed in standard assays at 37 °C (E. coli RecQ (EcRecQ)), 30 °C (Sgs1, 
Bacteroides Pifl (BacPif1)), or 25 °C (S. cerevisiae Pifl (ScPifl)). A given G4 
substrate differed only in the location of the poly(dA) tail (5’ for Pifl and 3’ for 
RecQ). For all G4 experiments, graphs show mean unwinding by Pifl for three 
G4 structures (IVG4, rDNAg,4 and TP«,4) or TPg4 unwinding by BacPifl, Sgs1 
and RecQ. a-c, G4 and Y-structure unwinding as a function of [ScPif1] 

(a), [Sgs1] (b) and [EcRecQ] (c). d, G4 unwinding as a function of [helicase]. 
e, G4 unwinding time course by 100 pM ScPif1, 10 nM BacPif1, 10 nM Sgs1 and 
50 nM EcRecQ. Higher Sgs1 concentrations and/or the addition of S. cerevisiae 
RPA did not increase unwinding (data not shown). f, G4 unwinding under 
single-cycle conditions by 100 pM ScPifl, 10nM BacPifl and 50 nM EcRecQ. 


1X10 1° events per generation, and none of the inserts affected this 
rate (Table 1). However, the already high GCR rate in the no-insert 
pifl-m2 strain was increased ~3-fold in the presence of either of the 
G4 motifs but was unaffected by either of the other Pifl-binding sites 
(Table 1). The G4 inserts did not increase GCR rates in rrm3A or 
sgs1A cells compared to no-insert controls. Likewise, the GCR rate in 
pifl-m2 sgs1A cells was not increased by the G4 inserts. However, the 
GCR rate in pifl-m2rrm3A cells was approximately eight times 
higher in the presence of the G4 motifs compared to the pifl- 
m2rrm3A strains containing no insert or non-G4 Pifl-binding sites 
(1,700-fold over the background no-insert wild-type levels; Table 1). 
These data suggest that when Pifl levels are low, Rrm3 (but not Sgs1) 
suppresses G4-induced genome instability. Consistent with these 
findings, Rrm3 bound preferentially to G4 motifs in pifl-m2 but 
not wild-type cells*® (Supplementary Fig. 4a). 

To determine whether Pifl suppression of DNA damage at G4 
motifs is evolutionarily conserved, we tested diverse Pifl proteins 
for their ability to suppress the high GCR rate in pifl-m2 
rrm3A+ G4 cells. Helicases were introduced on a single-copy plasmid 
and expressed from the RRM3 promoter (see Supplementary Fig. 6 for 
western analysis of protein expression). A simple spot assay was used 
to monitor the frequency of GCR events; cells were spotted 150 times 
at high density on 5-fluoroorotic acid (5-FOA) plus canavanine sul- 
phate (Can) plates, and incubated until resistant colonies formed 
(~20 GCR events per spot for the pifl-m2 rrm3A+ G4 strain contain- 
ing no or empty vector; Fig. 4c). As expected, Pifl and Rrm3 both 
suppressed the pifl-m2 rrm3A+G4 GCR rate (0.06-0.09 events per 
spot), whereas helicase-dead S. cerevisiae Pifl (Pifl-KA) did not 
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Figure 3 | Effects of G4 motifs on 
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(19 events per spot; Fig. 4c). Remarkably, all seven heterologous 
Pifl helicases, including human PIF1 (0.3 events per spot) and six 
prokaryotic/viral Pifl helicases (0.07-1.0 events per spot), suppressed 
the high GCR rate. 


Novel G4-induced events in pif1 cells 

We used several methods to determine whether G4 motifs affected the 
structure of the distal portion of chromosome V in the GCR events 
(Figs 3 and 4a, b and Supplementary Figs 4c-e and 5). As predicted”', 
multiplex PCR (Fig. 3b) and Southern blot (Supplementary Fig. 4c-e) 
analyses revealed that almost all GCR events in the no-insert pifl-m2 
strain were due to telomere addition centromere-proximal to CAN1 
(52 out of 56 events). However, apparent telomere addition was rare 
(5 out of 27) or not detected (0 out of 28) in GCR clones from pif1- 
m2+ G4 or pifl-m2 rrm3A + G4 cells, respectively (that is, CAN] frag- 
ment retained in multiplex PCR (Fig. 3b); new telomere bands were 
rare in Southern blots (Supplementary Fig. 4d, e)). 

We also sequenced the 1,000-base-pair (bp) region around the G4 
insert in individual GCR clones (Fig. 4a, b and Supplementary Fig. 5). 
There were no changes in this region in 17 out of 17 GCR clones from 
sgsIA+Gé cells. However, all (19 out of 19) G4 inserts were altered in 
pifl-m2+G4 GCR clones. These changes included mutations limited 
to the G4 motif (5% of clones); partial or complete deletion of the G4 
motif and/or flanking DNA (10%); and more complex events invol- 
ving deletions, mutations and insertions (85%) (Supplementary 
Fig. 5). A similar pattern was seen in most (82%) of the pifl-m2 
rrm3A GCR events (Fig. 4 and Supplementary Fig. 5). 

As expected, URA3 and CANI were lost or moved to new locations 
in all GCR clones from the wild-type strain containing a G4 insert 
(8 out of 8) and sgs1A+Gé4 (11 out of 11) cells. However, the positions 
of URA3 and CANI were unchanged in most pif1-m2+ G4 (19 out of 27) 
and pifl-m2 rrm3A+ G4 (27 out of 28) GCR clones. On the basis of 
the high mutation rate of the G4 inserts, we predicted that loss of URA3 


Table 1 | Mean GCR rates 
Sequence inserted at the PRB1 locus 


Genotype No insert Chr Iga Chr Xea G-rich Non-G-rich 
Wild type 1 L:22:015 14+0.5 12+02 13+06 
pifl-m2 76+8 200+20 210+10 70+30 60+20 
rm3A 6+5 12+6 9+4 321 3.2+09 
sgslA 16+5 12+8 19+8 ND ND 
pifl-m2 rrm3A 210+32 1,500+500 1,900+200 200+10 250+40 
pifl-m2sgs1A 20+80 190+35 200 + 50 ND ND 


Data are mean = s.d. calculated from =3 independent experiments and normalized to the rate 
(1.5 (+ 0.7) x 107!° GCR events per generation) in the wild-type strain with no insert at the PRB1 locus. 
ND, not determined. 
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the most telomere-proximal essential 
gene. AlwNI sites are marked. 

b, Multiplex PCR analysis before 
(pre) and after (post) GCR events. 
Plus symbols denote that the strain 
was wild type (WT), had the 
indicated allele, and/or contained a 
G4 insert; minus symbols denote that 
the strain was not wild type, lacked 
the allele, and/or did not contain the 
G4 insert. The numbers indicate the 
region amplified as shown in a. The 
loss of band 1 in is consistent with 
telomere addition. 


and CANI expression would be due to mutations in the genes. 
However, cloning and sequencing of URA3 and CAN] from six clones 
each from the pifl-m2+ G4 and pifl-m2 rrm3A+Gé4 strains revealed 
that the URA3 and CANI sequences, including ~200 bp up and down- 
stream of the genes, were unchanged, but the left arm of chromosome 
V (Chr. V-L) was unstable in many of these clones. Subsequent ana- 
lyses of the same clones, for example, after restreaks or growth in liquid 
culture, revealed that either URA3 or both URA3 and CAN1 were lost 
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Figure 4 | Pif1 family helicases suppress G4-induced GCR events in pifl-m2 
1rm3A+ G4 cells. a, b, The G4-insert region was PCR-amplified and 
sequenced from 19 (pifl-m2 rrm3A) or 17 (others) GCR clones. b, Examples of 
G4 mutations. G-tracts involved in G4 formation are denoted by dashed boxes. 
Mutated G residues are in red; dashes denote deletions. c, GCR events in pif1- 
m2 rrm34 +Gé cells expressing the indicated helicase. Six out of one-hundred- 
and-fifty spots per strain are shown. GCR events are white colonies on a grey 
background of non-growing cells. The mean + s.d. colonies per spot are 
indicated to the right. *P < 0.016 for the colonies per spot compared to the ‘no 
vector’ control as calculated by Student’s t-test. BdePifl, Bdellovibrio Pifl; 
BifPifl, Bifidobacterium Pifl; CamPifl, Campylobacter Pif1; hPIF1, human 
PIF1; PsyPifl, Psychrobacter Pifl; VPif1, V99B1Pif1. 
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as often as 95% of the time (data not shown). However, some clones 
maintained wild-type URA3 and CAN genes for =200 generations. 


Mechanism of G4-induced silencing 


Given that the sequences and positions of URA3 and CANI were 
unchanged in the pifl-m2+G4, pifl-m2 rrm3A+Gé4 and pifl-m2 
rrm3A GCR clones that retained these genes, their 5-FOA- and 
Can-resistant (FOA® Can®) phenotypes must be due to epigenetic 
silencing. To determine whether the silencing occurred at the trans- 
criptional level, we used real-time quantitative PCR (qPCR) to assess 
the amounts of URA3 and CANI messenger RNA in four independent 
pifl-m2 rrm3A+G4 GCR clones and the parental pre-GCR strain. 
Depending on the clone, URA3 mRNA levels ranged from 9 to 24% of 
the levels in the pre-GCR strain; CAN] mRNA ranged from 20 to 53% 
of the control in the same clones (Fig. 5a, b). Thus, silencing was not 
due to translational regulation. 

In many organisms, including S. cerevisiae and humans*”’, genes 
that are near telomeres are transcriptionally repressed (telomere posi- 
tion effect (TPE); reviewed in ref. 24). To determine whether the silen- 
cing observed in the pifl-m2+G4 GCR clones was due to TPE, we 
deleted SIR2, which encodes a protein that is required for TPE, in two 
independent pifl-m2+G4 GCR clones that retained URA3 and CANI1 
in their original positions. Both clones lost their FOA® Can® pheno- 
types, suggesting that silencing was due to a TPE-like mechanism. 


Human PIF1 inhibits telomere lengthening 


Telomeres are longer in Pifl-deficient cells owing to the ability of 
S. cerevisiae Pifl to remove telomerase from DNA ends’. To deter- 
mine whether other Pifl helicases inhibit yeast telomerase, we deter- 
mined telomere length in pifl-m2 cells expressing heterologous Pifl 
helicases (Fig. 5c). Empty vector or the expression of bacterial Pifls 
(Bacteroides Pifl and Campylobacter Pif1) or S. pombe Pfh1 did not 
suppress the long telomere phenotype of pif1-m2 cells. Indeed, telo- 
meres were even longer in pifl-m2 cells expressing bacterial Pifls or 
Pfh1 than in pifl-m2 cells alone. However, human PIF1 was nearly as 
effective as S. cerevisiae Pifl in restoring telomere length to pifl-m2 
cells (Fig. 5c), even though it was expressed at much lower levels 
(Supplementary Fig. 6). 


Discussion 


S. cerevisiae Pifl and five prokaryotic Pifl helicases were extremely 
proficient at unwinding G4 structures (Fig. 2 and Supplementary 
Fig. 2), whereas three RecQ helicases had ~1,000-fold lower G4 
unwinding activity than the Pifl helicases (Fig. 2 and Supplemen- 
tary Figs 2 and 3). Moreover, although S. cerevisiae Pifl unwound 
G4 structures much better than Y-structures (Fig. 2a), which are 
themselves a preferred Pifl substrate’’, Sgs1 and E. coli RecQ were 
more active on Y-structure than G4 substrates (Fig. 2b, c). Thus, 
vigorous G4 unwinding is a conserved feature of Pifl helicases. 
Suppression of G4-induced DNA instability was also conserved 
(Table 1). In pifl-m2 cells, GCR rates were increased when the sub- 
strate contained a G4 motif but not when it contained other strong 
Pifl-binding sites; this effect is probably underestimated as pifl-m2 is 
not a null allele’. Similarly, the human minisatellite CEB1, a tandem 
array of ~40 [GC]-rich repeats, increases the GCR rate in piflA 
cells”. In contrast to no-insert pifl-m2 cells, G4-mediated GCR events 
were rarely due to telomere addition (52 telomere additions per 56 
GCR events in pifl-m2 cells, versus 5 telomere additions per 27 GCR 
events in pifl-m2+ G4 cells). In both pifl-m2 and pifl-m2 rrm3A cells, 
the G4-induced events were usually associated with mutation of the 
G4 insert so that it could no longer form a G4 structure (Fig. 4a), 
suggesting that the process enabling cells to replicate and/or repair a 
G4 motif in the absence of Pifl helicases is error-prone. Remarkably, 
the double drug-resistant phenotype of the G4-induced clones 
recovered from pifl-m2+G4 (75 out of 104 clones) and pifl-m2 
rrm3A +Gé4 (50 out of 64 clones) cells was usually due to epigenetic 
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silencing, although the genes could be lost during further outgrowth. 
Although silencing of URA3 and CAN1 in these complex genetic- 
epigenetic (CGE) clones was Sir2-dependent, as is TPE”, this silen- 
cing was considerably more effective than classical TPE. When URA3 
is immediately adjacent to the chromosome VII-L telomere, mRNA 
levels are ~20% of control levels, but when URA3 is ~20 kilobases 
(kb) from the same telomere, FOA® colonies are not detected 
(<6X10 7”). By contrast, in CGE clones, the average URA3 mRNA 
level was 19% of the control, even though URA3 was 21 kb from the 
telomere. The extension of silencing to more internal sites may be 
associated with impaired replication through a G4 structure, as 
changes in silencing occur in translesion polymerase-defective avian 
DT40 cells’. The unusual URA3 and CAN1 silencing seen here also 
required or was enhanced by lack of Pifl and/or Rrm3, as it was not 
detected in sgs1A+G4 GCR clones (0 out of 17 clones). Furthermore, 
it was enhanced by a nearby G4 motif as it was not seen in GCR clones 
from the no-insert pif1-m2 cells (0 out of 56 clones). The new events at 
both G4 motifs and structural genes in the absence of Pifl family 
helicases are distinct from previously described GCR events. Thus, 
we term them CGE events. The epigenetic silencing of URA3 and 
CAN1 is reminiscent of the gene silencing that occurs in some human 
tumours that can lead to loss of heterozygosity. 

Although Pifl and Rrm3 have largely non-overlapping functions", 
they both suppressed damage at G4 motifs, as did seven out of seven 
heterologous Pifl helicases (Fig. 4c). This suppression was efficient. 
For example, human PIF1 suppressed CGE events ~20% as effectively 
as S. cerevisiae Pifl, even though it was expressed at considerably lower 


a b 
g10 z 1.0 
® a 
0.8 . 
$ a 
oc a 
£06 E06 
= 
04 § 04 
oO oO 
= 0.2 202 
as} & 
oO oO 
0.0 £ 0.0 


4 cantA 


1617 (18 19 20 21 22 


Telomeres 


CamPif1 Vector ScPif1 Pfh1 


Empty vector 
eS ScPif1 


BacPif1 


Figure 5 | Mechanism of CGE silencing and effect of Pif1 helicases on 
telomere length. a, b, URA3 (a) and CANI (b) mRNA levels in pifl-m2 
rrm3A+ G4 CGE clones and controls (pre-GCR parental strains and ura3A and 
can1A cells). Quantitative reverse-transcriptase PCR (qRT-PCR) was used to 
determine the ACT1, URA3 or CAN1 mRNA levels in the indicated strains. 
URA3 and CANI values were normalized to ACT]1 levels in each strain; the 

2 44* method** was used to determine URA3 and CAN levels relative to 
parental pre-GCR cells. *P < 0.05; **P < 0.01; ***P < 0.001. c, Telomere blot 
of DNA from pifl-m2 spore clones expressing vector only (lanes 1-3, 16, 17), 
ScPifl (lanes 4-6, 18, 19), human PIF1 (7-9), two different bacterial Pifls 
(10-12, 13-15), or Pfh1 (20-22). M, markers. DNA was prepared ~50, 75 and 
100 generations after sporulation (first, second and third lanes in each set) or 
100 generations after sporulation from two or three spore clones (lanes 16-22). 
See Supplementary Fig. 7 for full gel images. 
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levels (Supplementary Fig. 6). Thus, activity at G4 DNA by both in 
vitro and in vivo assays is a conserved feature of Pifl family helicases. 

S. cerevisiae Pif1 (but not Rrm3 or Pfh1) inhibits telomerase***”?. 
Human PIF1 (but not prokaryotic Pifl helicases or Pfhl) restored 
telomere length in pifl-m2 cells (Fig. 5c), suggesting that PIF1 is a 
regulator of both telomerase and G4 structures in its endogenous 
context. One or both of these activities might explain why mutation 
of human PIF1 is associated with cancer’. 


METHODS SUMMARY 


Strains were YPH500 (ref. 30) derivatives (Supplementary Tables 4 and 5). 
Cloning oligonucleotides are listed in Supplementary Table 6. The pifl-m2 allele 
was used instead of pif1A because pifl-m2 cells are mitochondrial proficient and 
grow at near-wild-type rates’. Pifl, Sgs] and E. coli RecQ were purified and 
assayed as described'*'**’. Bacterial Pifl helicases were cloned (Supplementary 
Table 8), overexpressed and purified as described in the Methods. G4 motifs were 
from the yeast genome” or mouse immunoglobulin locus (TPg4) (Supplemen- 
tary Tables 2 and 3). G4 structures were formed in vitro” and 5'-end labelled with 
[y-°P]ATP. Protein-DNA binding was analysed by the double-filter binding 
method™. Activity of all Pifl enzymes was measured as described previously’. 
WRN helicase assays were as described**. GCR assays were performed as 
described*’. GCR rates were calculated using the FALCOR web server and 
MMS maximum likelihood method’’. Multiplex PCR oligonucleotides are in 
Supplementary Table 7. G4 inserts were sequenced from genomic DNA and 
analysed with Biology WorkBench tools (http://workbench.sdsc.edu/). Suppres- 
sion analyses of GCR phenotypes were performed in pifl-m2 rrm3A+Gé4 cells 
carrying a single-copy TRP1-marked plasmid with 3 x Flag-tagged helicase genes 
under control of the RRM3 promoter (Supplementary Table 8). Chromatin 
immunoprecipitation was performed as described previously*”®. Total RNA 
was isolated using a Quick-RNA MiniPrep kit (Zymo Research), reverse- 
translated into complementary DNA using an iScript One-Step RT-PCR kit with 
SYBR Green (Bio-Rad), and analysed by real-time PCR using a Bio-Rad CFX96 
real-time system. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Methods Summary. Strains were YPH500 (ref. 30) derivatives (Supplementary 
Tables 4 and 5). E. coli RecQ was purified and assayed as described*'. G4 motifs 
were from the yeast genome” or mouse immunoglobulin locus (TPga4) 
(Supplementary Tables 2 and 3). G4 structures were formed in vitro”? and 5'- 
end labelled with [y-*’P]ATP. Protein-DNA binding was analysed by the double- 
filter binding method**. WRN helicase assays were as described**. GCR assays 
were performed as described’*®. GCR rates were calculated using the FALCOR web 
server and MMS maximum likelihood method*’. 

Yeast strains. All experiments were performed in the YPH500 background”’. 
Yeast strains are listed in Supplementary Table 4, except for those used in the 
GCR assays (Supplementary Table 5). Gene disruptions and epitope tagging of 
proteins were confirmed by colony PCR, sequencing, Southern blotting and/or 
phenotypic analysis. The pifl-m2 allele was introduced as previously described’ 
(see Supplementary Table 6 for oligonucleotide sequences used for cloning). The 
carboxy terminus of Rrm3 was tagged at its endogenous locus with 13 Myc 
epitopes using PCR”. Tagged Rrm3 was expressed from its own promoter as 
the only version of the protein in the strain. Plasmids are listed in Supplementary 
Table 8. All GCR strains (Supplementary Table 5) are derivatives of YPH500 in 
which HXT13 was deleted with the Kluyveromyces lactis URA3 gene using pUG72 
(ref. 40) and oligonucleotides MB262 and MB277 (see Supplementary Table 6 for 
the sequences of oligonucleotides used in GCR strain construction). The partial 
loss of nuclear function pifl-m2 allele was used instead of pif1A because pifl-m2 
cells are mitochondrial proficient’. RRM3 was deleted with HIS3MX6 using 
pFA6a-His3MX6 (ref. 41) and oligonucleotides MB30 and MB31. SGS1 was 
deleted with the S. pombe his5* gene using pUG27 (ref. 40) and oligonucleotides 
MB32 and MB33 (Supplementary Table 6). Strains containing ‘inserts’ (Sup- 
plementary Table 5) were made by deleting PRB1 with LEU2 marked cassettes 
using oligonucleotides KP321f and KP321r (Supplementary Table 8). The LEU2 
marked cassettes were derived from pRS415-based plasmids* containing the 
designated inserts cloned into the XbaI and BamHI sites (Supplementary Table 8). 
Biochemical methods. Full-length S. cerevisiae Pifl and Sgs1 and E. coli RecQ 
were purified as previously described’*'®*". In vitro analyses of independent 
protein preparations revealed little to no prep-to-prep variability and that these 
preparations had similar biochemical activities (that is, ssDNA binding and 
Y-structure DNA unwinding, see below) to previously published values'*'**'. 

Bacterial Pifl helicases were cloned as follows. E. Allen-Vercoe, C. Parker, R. 
Johnson and H. L. Ayala-del-Rio provided genomic DNA from Bacteroides sp. 
2_1_16, Campylobacter jejuni subsp. jejuni NCTC 11168, E. coli phage rv5 and 
Psychrobacter sp. PRwf-1, respectively. A pUC19-based plasmid containing the 
gene encoding the Bdellovibrio bacteriovorus HD100 Pifl helicase (Supplemen- 
tary Table 8) was a gift from E. Sockett. PCR primers were designed to amplify the 
Pifl-like helicase genes from the above mentioned organisms (see Supplementary 
Table 6) with iProof HF Master Mix (BioRad). PCR products were then digested 
and ligated into a modified pET21d vector (pMB116; Supplementary Table 8) 
such that they were in-frame with an amino-terminal 4X Strep-tag II sequence 
and a C-terminal 6X His tag. Additional cloning details and nucleotide sequences 
are available on request. 

Expression plasmids were transformed into Rosetta 2(DE3) pLysS cells and 
selected for at 37 °C on Luria-Bertani (LB) medium supplemented with 100 tg ml? 
ampicillin and 341gml_' chloramphenicol. Fresh transformants were used to 
inoculate one or more 5-ml LB cultures supplemented with antibiotics and 
incubated at 30 °C for ~6 h with agitation. These starter cultures were then diluted 
1:100 in ZYP-5052 auto-induction medium containing 1X trace metals mix”, 
100 jig ml ampicillin and 34 1g ml’ chloramphenicol, and incubated at 30 °C 
with agitation to attenuance (D) at 600 nm of >3 (~18 h). Cells were collected by 
centrifugation for 10 min in a GS-3 rotor at 4,225g and 4 °C. Cell pellets were 
weighed and frozen at —80 °C before lysis or for long-term storage. 

The cells were thawed at room temperature and resuspended in 2 mlg ' cell 
pellet buffer A (50 mM Na-HEPES, pH 8, 10% (v/v) glycerol, 300 mM NaCl and 
5 mM MgCl.) supplemented with 1x protease inhibitor cocktail (Sigma), 20 1g ml“ 
DNase I, and 2.5 jig ml’ RNase A. Cells were lysed for 10 min at room tempe- 
rature by adding methyl-6-O-(N-heptylcarbamoyl)-0.-D-glucopyranoside (HECAMEG; 
Sigma) to a final concentration of 0.05% (w/v) and 1X BugBuster (Novagen) 
or FastBreak (Promega) with gentle stirring. Subsequent steps were performed 
at 4°C. 

The soluble fraction was clarified by centrifugation for 30 min in an SA-600 
rotor at 20,200g followed by filtering the supernatant through a 0.22-j1m mem- 
brane. This mixture was then loaded onto a Strep-Tactin Sepharose gravity col- 
umn (IBA) pre-equilibrated in buffer A. The column was washed with four 
column volumes each of buffer W1 (50 mM Na-HEPES, pH 8, 10% (v/v) glycerol, 
500mM NaCl, 5mM MgCl and 0.05% (v/v) HECAMEG), W2 (50 mM Na- 
HEPES, pH8, 10% (v/v) glycerol, 300mM NaCl, 5mM MgCl, 0.05% (v/v) 
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HECAMEG and 5mM ATP), and W3 (50mM Na-HEPES, pH 8, 10% (v/v) 
glycerol, 300 mM NaCl, 5mM MgCl, and 0.01% (v/v) HECAMEG). Protein 
was eluted with three column volumes of buffer W3 supplemented with 1 mM 
desthiobiotin. Column fractions were examined on 10% SDS-PAGE gels run at 
20 V cm! and stained with Coomassie blue R-250 (BioRad). 

Peak fractions were pooled and loaded onto a His60 Ni gravity column 
(Clontech) pre-equilibrated in buffer W3. The column was washed with five 
column volumes of buffer W3 supplemented with 25 mM imidazole, and protein 
was eluted with five column volumes of W3 supplemented with 250 mM imida- 
zole. Fractions were analysed by SDS-PAGE as above, and peak fractions were 
pooled and extensively dialysed against storage buffer (50 mM Na-HEPES, pH 8, 
30% (v/v) glycerol, 50mM NaCl, 150mM sodium acetate, pH7.6, 25 mM 
(NH,)2SO4, 5mM magnesium acetate, 1mM dithiothreitol and 0.01% (v/v) 
HECAMEG) using 30-kilodalton (kDa) (Slide-A-Lyzer; Pierce) or 50-kDa 
(Tube-O-DIALYZER; G-Biosciences) molecular mass cut-off membranes. 
Protein concentration and purity in the final dialysates were determined on 
SYPRO orange (Sigma)-stained SDS-PAGE gels using known amounts of a 
standard protein for comparison. In all cases, protein purity was =95%. 

For some protein preparations, the N-terminal 4 Strep-II tag was removed by 
PreScission Protease (GE Healthcare) digestion (2 U protease per ml protein at 
4 °C overnight) before His60 column chromatography. In all cases, removal of the 
tag had little effect on subsequent protein purity and no effect on the in vitro 
activities examined. However, tag cleavage occasionally resulted in precipitation 
of a considerable portion of the protein. Thus, recombinant proteins containing 
both N- and C-terminal tags were used for all experiments shown. 

For preparation of substrates, various S. cerevisiae G4 motifs were chosen from 
the >500 identified G4 motifs in the budding yeast genome” (see Supplementary 
Tables 2 and 3 for sequences). Oligonucleotides of G4 motifs were synthesized by 
IDT. The concentrations of all oligonucleotides were estimated using extinction 
coefficients provided by the manufacturer. G4 DNA structures were formed in 
vitro as described’’. Formation of G4 structures was confirmed by non-denaturing 
PAGE. After G4 structure formation, the substrates were 5’-labelled with T4 
polynucleotide kinase (NEB) and [y-*’P]ATP, purified by 7% non-denaturing 
PAGE, and visualized using phosphoimaging. 

In all biochemical assays, 100 pM radioactively labelled DNA was used, unless 
noted otherwise, and the reaction buffers used were previously described for S. 
cerevisiae Pifl (ref. 14) Sgsl (ref. 16) and E. coli RecQ*’. In brief, protein-DNA 
binding was analysed using a BioDot SF apparatus (Bio-Rad) by the double-filter 
binding method**. Reactions were set up as for helicase assays, but ATP was 
omitted. The reactions were incubated on ice for 30 min, filtered through the 
membranes, and then the membranes were washed with additional reaction 
buffer. The membranes were dried and analysed by phosphoimaging. Pifl, 
Sgs1 and RecQ helicase activity assays were performed essentially as described 
previously'*'**". The helicase activity of non-yeast Pifl enzymes was also mea- 
sured as described for S. cerevisiae Pifl previously'*. WRN helicase assays were 
performed as described”. For protein titrations, reactions were incubated for 
30 min at helicase at 25°C Pifl), 30°C (Sgs1), or 37 °C (RecQ, WRN, and non- 
yeast Pifl). In time-course experiments, 100 pM ScPifl, 10nM BacPifl, 10nM 
Sgs1 or 50nM EcRecQ was added to the reaction; 100 pM Sgs1 or EcRecQ dis- 
played only basal levels of unwinding in our G4 unwinding assays. For single- 
cycle conditions, we used a 500 excess of either G4 DNA or ssDNA as a protein 
trap. The excess trap DNA was added together with ATP to start the reactions. 

The data were fit with rectangular hyperbolic curves using GraphPad Prism 5 
and equation (1): 

Brmax'X 
~ K+X @) 
in which X is the helicase concentration or time (as indicated), Y is either DNA 
binding or unwinding (as indicated), Bmax is the maximum level of binding or 
unwinding (as indicated), and K is the midpoint of the curve. When a log; 9-scale x 
axis is used, the hyperbolic curve assumes a sigmoidal shape. 
GCR assays. GCR assays were cloned and performed essentially as described”® 
(primer sequences for cloning are listed in Supplementary Table 6). In brief, sets 
of five or more 5-ml cultures of each S. cerevisiae GCR strain (Supplementary 
Table 5) were grown to saturation in YPD medium at 30°C for 36-48 h. A final 
dilution of 1 X 107” of each culture was plated on YPD and incubated at room 
temperature for 4 days to determine the viable cell count. Cells (1.5 or 2 ml) from 
each culture were pelleted, resuspended in sterile water, plated on drop-out 
medium lacking uracil and arginine (US Biologicals) supplemented with 1 g1~ 
5-FOA and 60 mg]! canavanine sulphate (FOA+Can), and incubated at 30 °C 
for ~4 days. GCR rates were calculated using the FALCOR web server and MMS 
maximum likelihood method*’ and normalized to wild-type rate of 10° '° GCR 
events per cell division. The rates presented in Table 1 are the mean + s.d. of 
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=3 experiments per strain. We define GCR clones as colonies that grew on the 
FOA+Can plates. Such FOA- and Can-resistant (FOA® Can®) clones were 
selected for post-GCR analyses (below). 

G4 inserts were sequenced from samples of genomic DNA from FOA® Can® 
clones prepared using a MasterPure Yeast DNA Purification kit (Epicentre) 
following the manufacturer’s instructions. The oligonucleotides used for sequen- 
cing the Watson and Crick strands are: MB540, 5’-CAATAGGCCGAAA 
TCGGCAAAATCCC-3’, and MB537, 5'-CTCCTATGTTGTGTGGAATTG 
TGAGCGG-3’, respectively, which amplified a ~1-kb region containing the 
inserts. The results were analysed using the Biology WorkBench tools (http:// 
workbench.sdsc.edu/) and classified into four different categories, as indicated in 
Supplementary Fig. 5: (1) no change, the G4 inserts were identical to the starting 
strain in the GCR clones; (2) recombination, the G4 insert was replaced with a 
partially homologous sequence from chromsome VII; (3) mutation and deletion, 
several of the guanines responsible for forming the G4 structures were either 
mutated to other residues or deleted; and (4) mutation/deletion/insertion, the 
G4 inserts experienced a variety of events, including substitution mutations and 
short deletions and/or insertions. 

Suppression analyses of the pifl-m2 rrm3A+ G4 GCR phenotype were performed 

by transforming strain KP326 (Supplementary Table 5) with TRP1-marked plas- 
mids containing C-terminally 3x Flag-tagged helicase genes expressed under 
control of the RRM3 promoter (Supplementary Table 8). Three independent 
colonies were used to inoculate 5 ml synthetic complete medium lacking trypto- 
phan (SC—Trp) and grown ona roller drum for ~48 h at 30°C. The Dé¢o nm for 
each culture was determined with a spectrophotometer, and the cells were pelleted 
by centrifugation and resuspended to Dgeo nm = 10 in sterile HO. Then, a repeat 
pipettor was used to spot 10-1] samples of each strain 50 times on a FOA+Can 
plate, and the plates were incubated at 30 °C for 4 days. This process was repeated =3 
times for each strain. When colonies appeared on the FOA+Can plates, the 
number of colonies per 10-11 spot was counted, and the average number of col- 
onies in the 50 spots per plate was calculated. The mean (+ s.d.) of these values 
from the 3 plates per strain was determined and reported in the right column of 
Fig. 4c. 
Western and Southern blotting. Cell extracts for western blotting were prepared 
as described previously’. In brief, cells were grown overnight in SC—Trp liquid 
medium at 30 °C with aeration. Then, 1 ml of Dgo9 nm = 2.5 cells was collected, 
resuspended in 200 pl 0.1 N NaOH, incubated at room temperature for 5 min, 
pelleted, resuspended in 50 ul SDS-PAGE sample buffer, boiled for 3 min, and 
pelleted again. Subsequently, 6 pl of the supernatants was loaded onto an 8% 
(37.5:1 polyacrylamide:bis-acrylamide) SDS-PAGE gel and run at 20Vcm’. 
The proteins were transferred to a nitrocellulose membrane at 4 °C and blocked 
with 5% non-fat milk in TBST at room temperature using standard protocols. The 
blot was probed with a monoclonal anti-Flag antibody (F1804, Sigma) and visua- 
lized with a horseradish peroxidase (HRP)-conjugated secondary antibody and 
ECL detection reagents (GE Healthcare). The blot was then stripped and 
reprobed with an anti-tubulin antibody (G094, ABM) to verify equivalent protein 
loading. 

For telomere blots, cells containing a plasmid with either a helicase gene (pMB267, 
270, 282 and 292) or no insert (empty vector control; pMB13) (Supplementary 
Table 8) were transformed into the PIFI pifl-m2 diploid (KP448). The diploids 
were sporulated, and the pifl-m2 spore clones carrying the plasmids were recovered. 
Genomic DNA was isolated from cells from restreaks 1-6 after sporulation (corres- 
ponding to approximately 25 generations per restreak) using a MasterPure Yeast 
DNA Isolation kit (Epicentre Biotechnologies), digested overnight with PstI and 
Xhol (NEB), and telomere length was determined by Southern analysis as described 
previously**. Results from DNA from restreaks 1-3 are shown in Fig. 5d, but the 
same results were also observed after 6 restreaks. 

When colonies arose after GCR events, single colonies were restreaked onto 
FOA+Can plates, and genomic DNA was isolated from the survivors using a 
MasterPure Yeast DNA Isolation kit. The DNA was digested overnight at 37 °C 
with AlwN]1 and run on a 0.7% agarose gel. The DNA was transferred to Hybond 
membranes (GE Life Sciences) by capillary action and blotted using the 400-bp 


CIN8 PCR product as a probe. The CIN8 PCR probe hybridizes to both sides of 
the AlwNI cut site in CIN8 (see Fig. 3a), generating bands of 3.2 kb and 6.9 kb in 
the original strain (PRE; Fig. 4d-f). In most of the FOA® Cank strains (Fig. 3), the 
centromere-proximal 3.2-kb band is retained, indicating that any sequence loss 
does not extend to this region. Retention of the 6.9-kb band in FOA* Can* strains 
indicates that CANI1 function has been lost in the absence of an overt DNA 
rearrangement. In contrast, bands of <6.9 kb are indicative of a GCR event, with 
fuzzy bands showing sites of telomere addition. In theory, the two bands in Fig. 4d 
that are between the 6.9 and 3.2 kb bands (in the fifth and seventh lanes from the 
left) could be either telomere additions of rearrangements. However, based on 
sequencing results and multiplex PCR, such bands are not likely to be telomere 
additions. 

Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) of 
asynchronous yeast cells growing in rich medium was performed as described®”° 
and analysed using an iCycleriQ Real-Time PCR detection system (Bio-Rad 
Laboratories). Rrm3 was C-terminally tagged with 13 Myc epitopes”. An anti- 
Myc monoclonal antibody (Clontech 631206) was used as the anti-serum in 
ChIP. The amount of DNA in the immunoprecipitate was normalized to the 
amount in input samples. The ChIP experiment was analysed by qPCR in duplic- 
ate or triplicate to obtain an average value for each sample. The ChIP experiment 
was repeated =3 times at each locus. For each qPCR experiment, the amount of 
signal in the Rrm3 immunoprecipitate was normalized to input and to the immu- 
noprecipitated signal from AROI, a sequence that contains no candidate G4 DNA 
motif and that has low Rrm3 association’. 

Multiplex PCR. In brief, genomic DNA isolated from S. cerevisiae strains before 
and after GCR events was analysed by multiplex PCR using the primer pairs in 
Supplementary Table 7 and the following cycling parameters: initial denaturation 
for 5 min at 95 °C, 35 cycles of 95 °C for 30 s, 56 °C for 30 s, and 72 °C for 45 s, and 
a final extension at 72 °C for 10 min. PCR products (10 il per reaction) were run 
at 90 V on 2.5% agarose gels containing ethidium bromide and visualized by 
ultraviolet transillumination (for primer sequences, see Supplementary Table 7). 
qPCR. The indicated strains were grown in FOA+ Can liquid media for 12 h and 
then transferred to YEPD for 12 h until reaching a concentration of Déo0 nm = 0.5, 
and total RNA was isolated using a Quick-RNA MiniPrep kit, including the 
DNase I treatment, as described by the manufacturer (Zymo Research). cDNA 
was synthesized from 200 ng DNase I-treated RNA using an iScript One-Step 
RT-PCR kit with SYBR Green (Bio-Rad) and analysed qPCR using a Bio-Rad 
CFX96 real-time system. The following primers were used: URA3 cDNA, 5’- 
GTTCGACTGATGAGCTATTGAAACT-3’ and 5’-CGACAGTACCCTCATA 
ACTGAAATC-3’; CANI cDNA 5'-AATATACATCGGGCGTTTAC-3’ and 5’- 
TCAGCAAGCATCAATAATCC-3’; ACT1 cDNA, 5'-GTAACATCGTTATGT 
CCGGTGGTAC-3’ and 5'-CCAAGATAGAACCACCAATCCAGAC-3’. The 
cycling parameters were: 50°C for 10min, 95°C for 5 min, and 40 cycles of 
95°C for 10s followed by 57°C (ACT1), 50°C (CAN1), or 55°C (URA3) for 
30 s. The data were analysed by the 2. 4““ method“. 
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Shear-driven dynamo waves at high magnetic 


Reynolds number 


S. M. Tobias! & F. Cattaneo” 


Astrophysical magnetic fields often display remarkable organiza- 
tion, despite being generated by dynamo action driven by turbulent 
flows at high conductivity’’. An example is the eleven-year solar 
cycle, which shows spatial coherence over the entire solar surface*>. 
The difficulty in understanding the emergence of this large-scale 
organization is that whereas at low conductivity (measured by the 
magnetic Reynolds number, Rm) dynamo fields are well organized, 
at high Rm their structure is dominated by rapidly varying small- 
scale fluctuations. This arises because the smallest scales have the 
highest rate of strain, and can amplify magnetic field most effi- 
ciently. Therefore most of the effort to find flows whose large-scale 
dynamo properties persist at high Rm has been frustrated. Here we 
report high-resolution simulations of a dynamo that can generate 
organized fields at high Rm; indeed, the generation mechanism, 
which involves the interaction between helical flows and shear, only 
becomes effective at large Rm. The shear does not enhance genera- 
tion at large scales, as is commonly thought; instead it reduces gen- 
eration at small scales. The solution consists of propagating dynamo 
waves, whose existence was postulated more than 60 years ago® and 
which have since been used to model the solar cycle’. 

The evolution of a magnetic field B in a fluid of electrical conduc- 
tivity o is governed by the (dimensionless) induction equation: 


OB 

ot 
where u is the velocity, and Rm = U/poa is a dimensionless measure of 
the conductivity. Here U and / are a characteristic velocity amplitude 
and length scale, respectively, and Rm is typically huge in astrophys- 
ics’. The kinematic dynamo problem consists of finding velocities u for 
which equation (1) has exponentially growing solutions’. For the cor- 
responding large-scale dynamo problem, these solutions must also be 
characterized by a spatial scale of L > A and possibly evolve on time- 
scales long compared with the turnover time of the velocity. 

One way to identify how organization may arise is to average equa- 
tion (1), which gives the evolution of the large-scale part of the field. The 
resulting mean-field equation contains transport coefficients describing 
the average induction and diffusion, which are themselves determined 
by Rm and the flow. The average induction can be non-zero only if the 
underlying turbulence lacks reflectional symmetry**. Exponentially 
growing solutions of the mean-field equations can be found provided 
that the average induction can overcome the average diffusion. For this 
approach to be useful, the solutions of the averaged equations must 
correspond to the averages of the solutions of the true equation (1). At 
small Rm, this is ensured as then diffusion can control the growth of 
fields on small scales. However at high Rm, problems arise. In a tur- 
bulent flow, consisting of a range of eddies, the rate of strain increases 
with decreasing scale, so the smallest scales are the most efficient at 
amplifying the field. The resulting magnetic field is dominated by small- 
scale fluctuations with little organization on the large scales. 

One possible way to remedy this is to introduce a large-scale flow, 
typically a shear, in such a way as to enhance the mean induction. This 


=V x (ux B)+—-VB (1) 
Rm 


procedure appears to work at small to moderate Rm (refs 9-12), but 
not at large Rm because ultimately the small-scale generation over- 
whelms everything. Here we take a radically different approach. 
Instead of trying to boost the large-scale dynamo properties, we use 
the shear to reduce the efficiency of the small scales. 

Our dynamo model is based on a velocity made of two parts: a large- 
scale shear of amplitude Vo, which varies on the scale of the domain, 
and a superposition of small-scale cellular flows'*'* whose character- 
istic length scale is about ten times smaller and whose reflectional 
symmetry can be controlled (see Supplementary Information). The 
flow has the following important properties. It is 2.5-dimensional, in 
the sense that it has all three components—but only depends on the 
coordinates x and y, say. The resulting dynamo problem is then sepa- 
rable, with solutions of the form B =B(x,y,t) exp ik,z (here t is time, 
and k, the vertical wavenumber). This reduces the problem from three 
to two dimensions, and therefore makes it possible to reach high Rm 
(ref. 13). By analogy with real turbulence, we have constructed the flow 
so that the velocity amplitude decreases with scale, while the shear rate 
and turnover frequency increase. Furthermore, the velocity has a scale- 
dependent renewal time, comparable with the local turnover time. The 


Figure 1 | Small-scale dynamo solution. Colour density plot of the amplitude 
of the x component of the magnetic field density, B,, in the plane z= 0 for a 
domain of horizontal extent 2m < 21. This figure has been normalized between 
plus and minus 1. For this and all subsequent calculations, the Rm associated 
with the largest-scale cellular flows (with wavenumber k = 8) is of the order of 
2,500. Adequate resolution for this calculation was provided by a grid with 
2,048 collocation points in each direction. In the z direction, the dependence of 
the field is sinusoidal with characteristic wavenumber k,. Here k, = 2.5; this is 
close to the value for which the growth rate is maximal for this flow, 
corresponding to magnetic structures that are roughly twice as tall as they are 
wide. We should note that at such high values of Rm, the maximum of the 
growth-rate curve is fairly broad in k,, that is, the growth rate is locally 
insensitive to k,. Indeed, changing k, by a factor of two leads to no change in the 
growth rate to within the accuracy of the measurement of the growth rate. Inset, 
magnification of the region boxed in the main panel, displaying the fine details 
of the small-scale magnetic field. 
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Figure 2 | Diagrams of activity versus time. Colour density plots of B,. 
averaged in x as a function of time (horizontal axis) and y (vertical axis). Each 
panel is obtained by averaging the magnetic field component in the direction of 
the shear (B(x, y, 0, £)) and plotting the results suitably normalized to remove 
the exponential growth. a, The solution shown in Fig. 1, with Vp = 0 and a 
helical flow only. Clearly there is no evidence of any type of temporal or spatial 
organization—everything varies on the short turnover time. b, Solution for a 
shear with Vo = 5 and a flow with no net helicity. Magnetic activity is confined 
in two bands localized near the regions where the velocity gradients are 
strongest (y = m/2 and y = 31/2). Within each band there is not much temporal 
coherence or generation of shear-aligned flux. c, Solution for Vo = 5 anda 
strongly helical flow. Again magnetic activity is confined to the regions of 


strong shear, but now large-scale spatio-temporal organization is apparent. In 
this case, in each wave there is substantial shear-aligned flux. 


individual cellular flows are the circularly polarized velocity introduced 
in the study of small-scale dynamo action at high Rm (ref. 13). These 
are known to be fast dynamos, in the sense that the growth rate (s) is 
comparable with the turnover frequency and remains independent of 
Rm as Rm-> ©. Furthermore, these flows are ‘quick dynamos’"* in that 
they reach their asymptotic growth rate quickly (that is, even at mode- 
rate Rm). 

The typical solution for a representative case with no shear (Vo = 0) 
is given in Fig. 1. The magnetic field grows exponentially, with a 
growth time comparable with that of the turnover time of the smallest 
eddies, and is concentrated at small scales, with filamentary structures 
of length comparable to that of the small-scale velocity and much 
smaller width controlled by diffusion'®. For our choice of Rm, the 


b 


growth rate has reached its asymptotic value and the overall magnetic 
pattern changes on the turnover time. 

We investigate the effects of a shear, and discuss two representative 
cases; one in which the velocity has no net helicity (that is, it is reflec- 
tionally symmetric), and the other one in which it is strongly helical. 
The key result is given in Fig. 2, which shows the magnetic activity as a 
function of latitude (y) and time. Figure 2a is for the case with no shear, 
and the magnetic field is all at small scales. Figure 2b shows the case 
with shear but no net helicity. The effect has been to concentrate the 
field in two bands in the regions of high shear. However, within each 
band the magnetic field is highly fluctuating both in space and time. In 
Fig. 2c there is strong helicity and shear; magnetic structures are gen- 
erated that are organized both in space and time, and the solution 
shows a cyclic behaviour with a well-defined period of several turnover 
times. 

It is important to determine why the presence of the shear brings 
about such a dramatic change in the helical case. We argue that the 
interaction of the shear and helical flow is not to boost inductive pro- 
cesses on the large scale, but rather to limit the growth of the fluctua- 
tions, so that the large-scale structure can manifest itself. Supporting 
evidence comes from the behaviour of the average induction and 
growth rate for the helical case as a function of shear amplitude 
(Fig. 3). Clearly the shear does not enhance the average (shear-aligned) 
induction, in fact quite the opposite'’®. So why then does the large-scale 
field manifest itself? We believe that the crucial role of the shear is to 
reduce the efficiency of the fast-dynamo processes at small scales, sup- 
ported by the fact that the dynamo growth rate actually decreases with 
increasing shear amplitude. This reduction could be achieved, for 
instance, by decreasing the stretching properties of the flow as measured 
by the Lyapunov exponents, say, or increasing the efficiency of the 
diffusion by bringing oppositely directed field lines closer together’’. 

We further investigate the spatio-temporal structure of the emer- 
gent organized field. The solution consists of two magnetic structures 
located near the extrema of the shear. Each varies in the z direction as 
exp(ik,z), with a phase #(t), which is plotted in Fig. 4a. This shows that 
the solution corresponds to two waves counter-propagating in the z 
direction. We identify these large-scale structures as Parker dynamo 
waves’ because they propagate perpendicular both to the shear and to 
the direction of the variation of the shear, the propagation direction 
changes sign with the shear, and finally their period decreases with the 
shear amplitude (Fig. 4b). 

The emergence of dynamo waves at such high Rm (~2,500 for the 
cellular flow) is remarkable, leading one to ask how robust this mech- 
anism could be. Because the underlying flow has the ‘quick’ property, 
we believe that this mechanism will remain effective even at higher 
Rm. The other important question is whether this mechanism will 
remain operative nonlinearly, when the generated field acts back on 
the flow and the velocity takes the form of a turbulent cascade. The 


Figure 3 | Effect of the shear. 
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Figure 4 | Evidence for dynamo waves. a, Principal value of the phase as a 
function of time for the two separate magnetic structures shown separately as 
blue and red triangles. These indicate that the oscillations are in the form of 


smallest scales will be unaffected by the shear (and indeed rotation), 
and will saturate very quickly and at low amplitude. We conjecture that 
the dynamo at larger scales, associated with the mechanism described 
here, will continue on this background of small-scale fluctuations to 
generate organized fields. This mechanism is probably astrophysically 
relevant in any situation where there is rotation, leading both to strong 
shear and helical turbulence. In particular, it is most natural to apply 
some of these ideas to the shear layer at the base of the solar convection 
zone known as the tachocline, which is believed to be the seat of the 
solar dynamo’. 
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Flux-freezing breakdown in high-conductivity 
magnetohydrodynamic turbulence 
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The idea of ‘frozen-in’ magnetic field lines for ideal plasmas’ is 
useful to explain diverse astrophysical phenomena’, for example 
the shedding of excess angular momentum from protostars by twist- 
ing of field lines frozen into the interstellar medium. Frozen-in field 
lines, however, preclude the rapid changes in magnetic topology 
observed at high conductivities, as in solar flares**. Microphysical 
plasma processes are a proposed explanation of the observed high 
rates*°, but it is an open question whether such processes can rapidly 
reconnect astrophysical flux structures much greater in extent than 
several thousand ion gyroradii. An alternative explanation’® is that 
turbulent Richardson advection’ brings field lines implosively together 
from distances far apart to separations of the order of gyroradii. Here 
we report an analysis of a simulation of magnetohydrodynamic 
turbulence at high conductivity that exhibits Richardson dispersion. 
This effect of advection in rough velocity fields, which appear non- 
differentiable in space, leads to line motions that are completely 
indeterministic or ‘spontaneously stochastic’, as predicted in analy- 
tical studies’ ’. The turbulent breakdown of standard flux freezing 
at scales greater than the ion gyroradius can explain fast reconnec- 
tion of very large-scale flux structures, both observed (solar flares 
and coronal mass ejections) and predicted (the inner heliosheath, 
accretion disks, y-ray bursts and so on). For laminar plasma flows 
with smooth velocity fields or for low turbulence intensity, stoch- 
astic flux freezing reduces to the usual frozen-in condition. 


(x, t) 


Start 


Figure 1 | Stochastic flux-freezing for resistive MHD. Magnetic fields that 
solve the resistive induction equation are frozen-in to stochastic trajectories, 
x(t), that satisfy dx = u(x,t)dt+ v2id W(t). The field vectors, which start at 
T = fo, are transported to t = t along these random trajectories as ‘virtual’ 
magnetic fields, stretched and rotated by the plasma flow. The ensemble of 
virtual field vectors that arrive at the same final point, (x, f), must be averaged 
(that is, ‘glued’ together by resistivity) to give the physical magnetic field B(x, t) 
at that point’’. To find the stochastic trajectories that arrive at (x, f), it is most 
efficient to integrate backwards in time. We use the velocity field, u, from the 
database to solve dx = u(x,t)dt+ V27dW(c), starting with x(t) =x and 


Transport 


Spontaneous stochasticity'®’ can be understood using a simple 


model equation, dr/dt = du, = Ar’ ’, for the evolution of the separation, 
r = X2 — x, of a pair of advected objects at respective positions x, and 
X2. Here du, = u(xz) — u(x) is the relative velocity, and power-law 
scaling with an exponent satisfying 0 < h < 1 implies a ‘rough’ velocity 
field with du, vanishing more slowly than linearly for decreasing r. This 
corresponds to a turbulent energy spectrum, E(k) « k +7" (ref. 14, 
section 4.5). An example is Kolmogorov scaling with h = 1/3, which is 
observed in the solar wind above the ion gyroradius”* and in the interstellar 
medium’®. Solving the model equation gives P=[r "+ (1—-WAyre™, 
where fp is the pair separation at time zero. The long-time limit for 
h = 1/3 yields the r x f law of Richardson’. Notably, however, this 
law is also obtained in the limit 79 — 0, that is, when the two particles 
start or end at the same point. This violates the expectation of deter- 
minacy in classical dynamics. There is no contradiction, because the 
usual theorems on unique solutions of initial-value problems for dif- 
ferential equations assume that h=1, whereas we consider flows 
where O<hA<1. 

The phenomena observed in the previous simple model arise in 
various physical limits in real turbulent flows. For example, a standard 
way'”* to model the effect of molecular diffusivity, A, on a fluid tracer 
is toadd a Brownian motion W(t) such that the tracer’s position, x(t), is 
governed by the stochastic equation dx = u(x,t)dt + V2Ad W(t) with 
initial condition x(tp) = xp. If the viscosity, v, ofa smooth, laminar flow 


B,(x, t) 


B(x, t) 


Average 


integrating back to the initial time, fo. This step generates the N-sample 
ensemble of stochastic trajectories X,(t), n = 1,..., N(a). We then retrieve from 
the database the magnetic field, B, at the random locations x,(f), n = 1,...,N, 
and transport these vectors back along the stochastic trajectories to the point 
(x, t) using the frozen-in equation dB /dt= BeVu (b). This requires retrieving 
the velocity gradient, Vu, from the database at each forward time step. Finally, 
the virtual magnetic field vectors B, (x, t),n = 1,...,.N, are averaged over the N 
samples to recover the archived physical magnetic field, B(x, t), by choosing N 
to be sufficiently large (c). For more discussion, see Supplementary 
Information. 
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is held fixed as A 0, then the noise term vanishes and the solution 
becomes deterministic. However, if instead the ratio v/A (the Prandtl 
number) is fixed by microscopic physics as v,i—>0, which corre- 
sponds physically to the Kolmogorov spectral range becoming ever 
longer, then the noise term again vanishes but particle trajectories now 
have mean squared separations (r’) x f° and remain indeterminate 
and random. This spontaneous stochasticity'® ’ should be present for 
any sufficiently long power-law range extending down to dissipation 
scales. 

Magnetic fields in resistive magnetohydrodynamics (MHD) are an 
example of such a diffusing tracer, satisfying the induction equation 
OB/dt = V X (u X B) + 2V’B, where 2 = c’/4r is the magnetic diffu- 
sivity (o, conductivity). Magnetic field lines can be regarded as being 
frozen in along stochastic trajectories’” (Fig. 1). For a smooth laminar 
flow, the trajectories wander diffusively only a distance ~ Vit in time 


a 
1.68 x 1071 


Eonml 


1.68 x 10°° 


EVk)k,/E vot 


— W=U 


TO yy 
rout ply ul er ee 


—we=b 
riiil 1 po i riiil n poi riiiil n rt 
10° 101 102 
klk, 


Figure 2 | The archived MHD turbulence flow. The data were generated by a 
simulation of the incompressible MHD equations on a space grid of 1,024” 
points. The magnetic Prandtl number is 1, with v = 2 = 1.1 X 10 *. The MHD 
momentum equation was driven by a body force F of Taylor-Green form at 
wavenumbers with magnitude kp= 2ko, twice the lowest value. It is important 
that no external source of electric field was added to the induction equation, so 
the stirring to generate turbulence does not directly break standard flux 
freezing. Once the simulation reached a statistical steady state, 1,024 time slices 
of data on the 1,024 grid were stored. The 56 terabytes of data are public and 
can be accessed remotely through a modern web-services interface**”*. 

a, Ohmic electric field Eonm = J/o = cV X B/4no normalized by the r.m.s. 
value, E’ mov of the motional field, E,,o¢= —v X B/c, for one 1,024°-point time 
slice of the archived data. The colour scale covers a range from 0.1 to 10 times 
the r.m.s. value, 1.68 X 10-7, of the normalized Ohmic field. The Ohmic 
electric field is negligible compared with the motional field, except in the most 
intense current sheets. b, Energy spectra normalized by total energy, E,.., for the 
velocity (E,,, red) and magnetic field (E;, blue) of the flow, each with about a 
decade of —3/2-power-law range. See Supplementary Information for more 
details. 
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t, and standard flux freezing’ is recovered as A—> 0. In a turbulent 
MHD flow, however, Richardson advection of field lines can allow 
trajectories to remain random as v—> 0 and 1— 0 together. This has 
been proved mathematically to occur in the Kazantsev-Kraichnan 
model of a turbulent dynamo", and evidence for it has been observed 
in numerical simulations of a kinematic dynamo with hydrodynamic 
turbulence’’”®. However, such effects have not previously been seen in 
nonlinear MHD turbulence”’. 

We observe Richardson relative advection of field lines in a new, 
high-resolution data set generated by numerical solution of the incom- 
pressible MHD equations (Fig. 2). Turbulence was driven as usual by a 
force in the momentum equation, representing energy input from 
hydrodynamic instabilities or external stirring (for example a supernova 
in the interstellar medium). The conductivity, o, is large, as measured 
by the magnetic Reynolds number, Re, = 4nab'L;/c” = 764, where b’ 
is the root mean squared (r.m.s.) magnetic field strength and Ly, is the 
magnetic integral length, and the flow has an inertial range of about 
one decade in wavenumber. The spectral exponent is closer to —3/2 
than to —5/3, as in other MHD simulations at comparable Reynolds 
numbers. This fact has motivated theories to explain the —3/2 spectrum”, 
corresponding to roughness exponent h = 1/4. The spectrum of MHD 
turbulence at much higher, astrophysically relevant Reynolds numbers 
may be steeper’’. For our study, any exponent satisfying 0<h<1 
suffices. The output of our MHD simulation for one eddy turnover time 
has been deposited in a publicly accessible online database cluster**”. 
It is crucial to have the entire time history available. Although the 
physical process is a coalescence of field lines forwards in time, numer- 
ical study of flux freezing in resistive MHD is only practical by tracking 
stochastic trajectories backwards in time (Fig. 1). 

Our results reveal how MHD dynamics generates the magnetic field 
B(x, t) at a point (x, t) from the magnetic field vectors at the earlier time 
ty. We plot (Fig. 3a) the stochastic trajectories that arrive at representa- 
tive point (x, ¢), together with the usual deterministic trajectory. The 
starting locations of these trajectories at time fo are the points whose 
magnetic vectors contribute substantially to B(x, t). The archived value 
for the magnetic field at point (x, f) is recovered’’ by transporting the 
magnetic vectors at time f) to time t along the stochastic trajectories 
and resistively averaging (Supplementary Movie 1), with small errors 
for enough trajectories (Fig. 3b). This is a stringent test of the accuracy 
of our numerical procedures and of the quality of the archived data. 
However, despite the high conductivity of the flow, conventional flux 
freezing along the deterministic trajectory fails very badly. 

It is clear from Fig. 3 that the stochastic trajectories are rapidly 
dispersed over space backwards in time. Figure 4 shows quantitative 
results on the growth of the relative separation, r(t) = x2(t) — x,(t), of 
distinct members of the ‘cloud’ of N = 1,024 particles sampled at time 
t, averaged over P = 512 diagnostic points at the final time, ts = 2.56, in 
the flow. We plot using the backward time variable, t« = t; — t. MHD 
turbulence is expected to be anisotropic’, with the local mean mag- 
netic field providing a distinguished direction. We therefore calculate 
the local field at each time by averaging over the field vectors sampled 
instantaneously by the cloud, and decompose the separation vector, r, 
into components, 7) and r , , respectively parallel and perpendicular to 
the local field. The standard estimate, 77 ~ 4/ts, is valid only up to one 
resistive time. For larger t«, the mean squared separation of field lines 
changes to a super-diffusive t»*/* dependence, which is a clear signature 
of turbulent Richardson dispersion. Consistent with the —3/2 spectrum, 
h=1/4 in t./"~™ yields the observed ts*? growth. We note that 
dispersion parallel to the field is greater than is dispersion perpendi- 
cular, in agreement with prior observations at shorter times”, but a 
fe? power law is found in both directions for large (backward) times. 

The crucial point is resistivity independence of backward disper- 
sion. We find from our data in Fig. 4 that field lines in one large-eddy 
turnover time, L,,/u’, arrive at the final point from distances of about 
L,/3, one-third of the velocity integral length. If resistivity independ- 
ence holds, then this remains true as 2 > 0 and standard flux freezing 
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Figure 3 | Stochastic flux freezing in MHD turbulence. a, Stochastic 
trajectories that arrive at point x¢ = (1.09, 2.42, 5.03) in the archived flow at time 
te = 2.56. This final point is not in the vicinity of an intense current sheet, 
having a small Ohmic electric field just 1.3% of the r.m.s. motional field. The 
points along the stochastic trajectories are colour-coded red, green and blue 
from earlier to later times. The clouds of points indicate the spatial regions at 
those times that contribute significantly to B(x¢, t;) when calculated as described 
in Fig. 1. We also estimate this magnetic field using conventional flux freezing, 
by transporting the initial magnetic field along the deterministic trajectory 
satisfying dx/dt = u(x, t) and x(t.) = x, (black). b, Errors for the magnetic field 
calculated from stochastic flux freezing, relative to the archived magnetic field, 
B(xg t,). The errors for increasing N are small, of similar order as the 
interpolation error in calculating the velocity gradient. In contrast, the relative 
error for standard flux freezing (black) is very large. The results shown here for 
one point are representative (Supplementary Information). 


is orders of magnitude in error at very high magnetic Reynolds num- 
bers. In the previous study” of turbulent dynamo this resistivity inde- 
pendence could be checked by varying the Prandtl number, but the 
current MHD database has Pr = 1 only. On the other hand, the res- 
istivity independence is a direct consequence of the Richardson theory. 
To verify that we are seeing an MHD analogue of Richardson disper- 
sion, we check well-known consequences for the probability density 
functions (PDFs) of the separation vector, P(r, t). These are predicted 
to be ‘self-similar’, that is, to collapse to a single curve when separations 
and PDFs are rescaled by the r.m.s. dispersion, with the curve given by 
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Figure 4 | Evidence of Richardson dispersion. a, Mean squared dispersion of 
field lines backwards in time with the variable t+ = t; — f, in directions both 
parallel (red) and perpendicular (blue) to the local magnetic field. Times are 
normalized by the inverse r.m.s. current, 1/j,ms, and distances are normalized by 
the resistive length, \/A/jrms. Error bars, sem. The dashed line shows the 
conventional diffusive estimate, (P’(t#)) = 4)ts, and the solid line is x t+®’*. The 
long-time power laws are (r7(t)) = gL (u' tL)”, i= ||, L, with L,, the 
velocity integral length. The constant g|| = 0.086 in the direction parallel to the 
local field is greater than the constant g , = 0.035 in the perpendicular 
direction. Both are substantially smaller than the corresponding constant in 
hydrodynamic turbulence, g~ 0.5. To verify that we are seeing an MHD 
analogue of Richardson dispersion, we check for self-similarity of the PDFs of 
the pair separation. b, PDFs at 96 times in the interval where the t«*/* 
dependence occurs, rescaled by r.m.s. values, with good collapse to the 
stretched-exponential form, P « exp(— cr! a at less than four times the r.m.s. 
separation. The power in the exponent corresponds to h = 1/4, consistent with 
scaling of the energy spectrum and pair dispersion. 


a stretched exponential, P « exp(— Cr'") (ref. 27). These predictions 
are confirmed by our data (Fig. 4b). 

Spontaneous stochasticity of field line motion underlies the prediction 
of fast magnetic reconnection in the presence of MHD turbulence’®. 
Although h = 1/3 was assumed in refs 7, 8, the predictions there 
depend only weakly upon the h value’. A strong dependence on mean 
magnetic field is expected, however*”’. The r.m.s. line dispersion in the 
Alfvén time, L,,/va, is predicted* to be smaller by a factor My = vy/v, in 
the presence of a mean magnetic field, where va is the Alfvén velocity 
based on the mean field and vr is the velocity of the turbulent eddies 
with strong nonlinear interactions, generally the r.m.s. velocity or just 
slightly less. This theory predicts that flux structures of scale L should 
reconnect with inflow velocity vy and a turbulent reconnection layer of 
thickness A ~ LM; (refs 7, 8). These predictions were verified in MHD 
reconnection simulations with background turbulence**, but the 
detailed turbulent mechanism breaking the frozen-in constraint could 
not be studied there. 

We note that MHD is a valid description of astrophysical plasmas 
only on scales above the ion gyroradius, p;, and that the microscopic 
mechanism that dominates the ‘slippage’ of field lines relative to the 
plasma may not be the resistive electric field but other terms in the 
generalized Ohm’s law*”’. However, Richardson implosive coalescence 
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of the field lines applies in a turbulent MHD plasma no matter the 
precise mechanism, as long as lines are separated by distances in the 
long inertial range above p;. Overall reconnection rates are thus insensi- 
tive to the microscopic mechanism of slippage. Ifthe layer thickness, 4, 
is of order pj, as is often the case in magnetospheric reconnection, then 
these ideas do not apply. However, most astrophysical reconnection is 
of the opposite sort. 

For example, current sheets resulting from coronal mass ejections 
have heights, L, of order 10° cm and thicknesses, 4, of order 10? cm 
but gyroradii, p;, of order 10° cm (ref. 30). The plasma flow is observed 
to be turbulent, perhaps because of magnetic energy released by initial 
reconnection due to microscale kinetic mechanisms**. Observations” 
indicate that vp ~ 10’ cms ‘and vy ~ 108cms"", explaining the thick 
current sheet with 4 ~ 0.1L (Supplementary Information). Our results 
thus solve the ‘scale problem’, explaining how microscale mechanisms 
of line slippage can be accelerated to reconnect rapidly such enormous 
structures. 
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All-angle negative refraction and active flat lensing 


of ultraviolet light 


Ting Xu', Amit Agrawal', Maxim Abashin'’, Kenneth J. Chau* & Henri J. Lezec! 


Decades ago, Veselago’ predicted that a material with simulta- 
neously negative electric and magnetic polarization responses 
would yield a ‘left-handed’ medium in which light propagates 
with opposite phase and energy velocities—a condition described 
by a negative refractive index. He proposed that a flat slab of 
left-handed material possessing an isotropic refractive index of 
—1 could act like an imaging lens in free space. Left-handed mate- 
rials do not occur naturally, and it has only recently become pos- 
sible to achieve a left-handed response using metamaterials, that is, 
electromagnetic structures engineered on subwavelength scales to 
elicit tailored polarization responses. So far, left-handed responses 
have typically been implemented using resonant metamaterials 
composed of periodic arrays of unit cells containing inductive- 
capacitive resonators and conductive wires. Negative refractive 
indices that are isotropic in two’ or three’ dimensions at micro- 
wave frequencies have been achieved in resonant metamaterials 
with centimetre-scale features. Scaling the left-handed response 
to higher frequencies, such as infrared or visible, has been done 
by shrinking critical dimensions to submicrometre scales by means 
of top-down nanofabrication*. This miniaturization has, however, 
so far been achieved at the cost of reduced unit-cell symmetry, 
yielding a refractive index that is negative along only one axis. 
Moreover, lithographic scaling limits have so far precluded the 
fabrication of resonant metamaterials with left-handed responses 
at frequencies beyond the visible’. Here we report the experimental 
implementation of a bulk metamaterial with a left-handed res- 
ponse to ultraviolet light. The structure, based on stacked plasmo- 
nic waveguides’, yields an omnidirectional left-handed response 
for transverse magnetic polarization characterized by a negative 
refractive index. By engineering the structure to have a refractive 
index close to — 1 over a broad angular range, we achieve Veselago 
flat lensing, in free space, of arbitrarily shaped, two-dimensional 
objects beyond the near field. We further demonstrate active, all- 
optical modulation of the image transferred by the flat lens. 

The electric and magnetic polarization responses of a linear, iso- 
tropic medium are described using two scalar constitutive parameters - 
the complex permittivity, ¢=e'+ ie”, and the complex permeability, 
=p +iw’. The physics of time-harmonic electromagnetic wave pro- 
pagation in such a medium can be derived from Maxwell’s equations 
and distilled into the form of plane-wave solutions. Plane waves are 
characterized by a wavevector, k, and a time-averaged Poynting vector, 
S, which respectively give the directions of phase velocity and energy 
flow in the medium. In an isotropic medium, k and S are always 
collinear, but are either parallel or antiparallel, following the causality 
condition’ sgn(k ¢ S) = sgn(«), where «= e'|u| + w'|s|. A general index 
of refraction given by n= sgn(a)|Re(\/He)| can then be introduced, 
which describes both the magnitude of k with respect to its value in 
free space (|k| = |n|ko = |n|w/c, where w is the frequency and c is the 
speed of light) as well as the relative direction of k and S. For a material 
in which «>0—called ‘right-handed’ because k and S are parallel 


(ke S > 0)—the index of refraction is positive. Plane waves in right- 
handed media propagate with wavefronts streaming along the dir- 
ection of energy flow, similar to a wave in free space. The archetypal 
right-handed medium is a ‘double-positive’ material such as air or 
glass, for which é’ and yu’ are simultaneously positive. In the contrast- 
ing case of a material in which ~ <0—called ‘left-handed’ because k 
and S are antiparallel (k « S< 0)—the index of refraction is negative. 
Plane waves in left-handed media propagate as an exotic ‘backwards 
wave’ with wavefronts travelling in a direction opposite to that of 
energy flow. The classical left-handed medium, first introduced by 
Veselago, is the “double-negative’ one, for which ¢’ and ' are simul- 
taneously negative. 

Plane-wave refraction at the boundary of a left-handed medium can 
be modelled using Snell’s law, under the convention that its refractive 
index takes negative values. Conservation of phase and energy flow 
applied to a plane wave crossing the boundary between a medium with 
index nm, and another with index m2 yields n, sin(@,) =m sin(@2), a 
generalized form of Snell’s law in which n, and nz have arbitrary signs 
and 0, and 0, are the directed angles of the optical ray path with 
respect to the normal on each side of the interface. If n; and nz have 
opposite signs, then 0) and 0, have opposite signs and the ray deflects 
across the boundary to the same side of the normal—a phenomenon 
known as negative refraction. If n; and nz are equal in magnitude but 
opposite in sign, the ray path is perfectly mirrored about the interface. 
In the configuration ofa flat slab, this type of negative refraction occurs 
at both interfaces and it becomes possible to focus a collection of rays 
from a point source to another point on the other side of the slab. As 
suggested by Veselago’, a lens in free space could be realized by simply 
using a flat slab of material with an isotropic refractive index of —1. 

The current limitations of top-down nanofabrication hinder 
straightforward implementation of metamaterials that are able to 
display a three-dimensionally isotropic, negative-index response at 
optical frequencies, using the canonical system of volumetric arrays 
of discrete, shape-based resonators with critical features and spacing of 
deep subwavelength dimensions? (that is, dimensions much smaller 
than half the wavelength). Metamaterials based on plasmonic wave- 
guides consisting of alternating planar metal (M) and dielectric (D) 
layers offer an attractive alternative to achieving a high-frequency left- 
handed response*””. This left-handed response is derived from a trans- 
verse-magnetic-polarized (TMP) backwards electromagnetic mode 
naturally sustained by the waveguide in a frequency range between the 
bulk plasmon resonance frequency, jp, of the metal—typically located 
in the ultraviolet—and the surface plasmon resonance frequency, Wsp, 
of the metal-dielectric interface, which can be positioned within the 
visible by proper choice of constituent materials. Using this approach, a 
metal-—dielectric-metal (MDM) plasmonic waveguide with an ultrathin 
dielectric core was employed to achieve a two-dimensionally isotropic, 
negative refractive index at green and blue frequencies, as evidenced by 
observation of in-plane negative refraction'’. Recently it was theoreti- 
cally shown that a plasmonic-waveguide-based system could be devised 
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in which the left-handed response is extended to an extra dimension 
normal to the plane of the layers’. The proposed metamaterial, which is 
composed of a stack of strongly coupled plasmonic waveguides each 
having an MDMDM layer sequence, was designed to have an in-plane 
mode symmetry that allows propagation of a TMP backwards wave in 
three dimensions at a visible wavelength of 400 nm. 

Here we design a plasmonic waveguide metamaterial based on 
repeated MDMDM layered unit cells (Fig. 1a) to have an all-angle 
left-handed response in the ultraviolet characterized by a refractive 
index close to —1. With Ag (metal) and TiO, (dielectric) as the con- 
stituent materials, we use the transfer matrix method’* to produce a 
three-dimensional equifrequency contour (EFC) at the ultraviolet 
wavelength 2) = 363.8 nm for transverse magnetic polarization (mag- 
netic field parallel to the plane of the layers). The EFC maps the angular 
dependence of the wavevector in the metamaterial and indicates the 
direction of the Poynting vector (which is normal to the EFC and 
points in the direction of its displacement as a function of frequency). 
The individual layer thicknesses of the MDMDM layers comprising 
each unit cell (33, 28, 30, 28 and 33 nm, respectively) are optimized to 
achieve a broad-angle refractive index of —1, as evidenced by an EFC 


a Cr Ag 
————— 
TiO. Glass 
=a 


e=e= Metamaterial 
srr Free space 


Figure 1 | Ultraviolet bulk metamaterial. a, Schematic of negative refraction 
of ultraviolet light from air into a coupled plasmonic waveguide metamaterial 
formed by three vertically stacked MDMDM unit cells and coated with a beam- 
defining mask consisting of a rectangular aperture in an opaque Cr film. S; and 
S, incident and transmitted time-averaged Poynting vectors, respectively; k; 
and k,, incident and transmitted wavevectors, respectively. b, Calculated three- 
dimensional EFCs for an ultraviolet plane wave of free-space wavelength 

Ao = 363.8 nm in the as-designed metamaterial structure and in free space (ko; 
free-space wavevector). The process of negative refraction for both the 
Poynting vector and the wavevector at the air-metamaterial interface is 
illustrated for an incident angle 0; = 40°; the conservation of the tangential 
wavevector component is represented by the black dash-dot line. 
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that has a near-spherical shape with a radius of approximately ko 
(Fig. 1b) and moves inward with increasing frequency’ (such that 
keS <0). For a plane wave incident from free space onto the meta- 
material at an incident angle 0;, continuity of phase and conservation 
of energy at the interface dictate that the transmitted backwards wave 
has a wavevector k, (pointing towards the interface) and a Poynting 
vector S, (pointing away from the interface) on the same side of the 
normal as the incident ray path, conditions describing negative refrac- 
tion of phase and power. Because the metamaterial EFC is not perfectly 
spherical, k, and S, are not exactly collinear and Snell’s law, which 
applies to phase refraction, cannot be rigorously applied to refraction 
of power. To describe power refraction from free space into the meta- 
material in a manner analogous to Snell’s law, we introduce a power 
refractive index ns = sin(0;) / sin(@,s5), where 0,5 is the directed angle 
between the path of power flow with respect to the normal. 

A slab of the designed metamaterial is fabricated by sputtering three 
MDMDM unit cells (metal, Ag; dielectric, TiO.) onto a transparent 
glass substrate, to a total thickness of approximately 450 nm, followed 
by patterning of an illumination aperture consisting of a 600-nm-wide 
rectangular opening in an opaque Cr film (Fig. 2a). To measure power 
refraction from free space into the metamaterial, we illuminate the 
aperture-masked, air-facing surface of the metamaterial at various 
incidence angles (6;) with continuous-wave radiation at 7) = 363.8 nm, 
and extract the angular deflection of beam power (05) from the 
lateral shift, L, of the most intense part of the exiting beam relative to 
the aperture centre. For transverse magnetic polarization, we observe 
negative power refraction of the ultraviolet beam over a broad range 
of incident angles spanning 10° <0; <60° (Fig. 2b). Power refraction 
switches from negative to positive when the polarization of the ultra- 
violet beam is rotated to a transverse electric configuration (electric 
field parallel to the plane of the layers), a result expected owing to the 
absence of TMP plasmon modes to confer left-handed electromagnetic 
behaviour. 

The power refractive index measured for transverse magnetic polar- 
ization is approximately —1 over a broad range of angles and closely 
matches expected values based on the curvature of the EFC of the 
designed metamaterial (Fig. 2c). There is also good agreement between 
measured power refraction and two virtual experiments performed 
with a finite-difference time-domain (FDTD) simulator solving 
Maxwell’s equation: one which calculates the angular deflection of a 
beam through an aperture-bearing metamaterial akin to that in the 
experiments, and another which calculates the unit-cell-averaged 
Poynting vector in a bare metamaterial subject to plane-wave illumina- 
tion (Fig. 2c). We extract the effective constitutive parameters of the 
bare metamaterial by applying a parameter retrieval technique to 
FDTD-simulated reflection and transmission data’*. The effective 
refractive index, nerf, is approximately —1 over a large angular range 
and agrees with the refractive index expected from the metamaterial 
EFC (Fig. 2d), confirming the realization of the designed omnidirec- 
tional left-handed response. The metamaterial has a double-negative 
response characterized by simultaneously negative values of ¢’ and 1’ 
(Supplementary Fig. 1). In contrast with other metamaterial imple- 
mentations that achieve visible-frequency left-handed behaviour from 
a single negative response’® (in which one of ¢’ and y' is negative), the 
double-negative response here enables low-loss wave propagation 
(evidenced by a relatively high figure of merit; Supplementary Fig. 1) 
beneficial for applications such as imaging. 

Veselago flat lensing is a special refractory phenomenon that occurs 
when a flat slab of thickness d has an isotropic refractive index of —1 
and is immersed in free space. In Fig. 3a, we depict the simplest form of 
Veselago flat lensing, in which diverging rays from a point object 
positioned on one of the faces of the slab are refracted at the opposite 
face and focused to a point image a distance d beyond the slab. 
Experimental demonstrations of Veselago flat lensing have so far only 
been possible at microwave frequencies, for which bulk left-handed 
metamaterials with two- or three-dimensionally isotropic, negative 
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Figure 2 | Experimental and simulated results for refraction of power and 
phase. a, Scanning electron microscope image of the fabricated sample used in 
the refraction experiment, showing the beam-defining aperture, and sectioned 
by focused-ion-beam (FIB) milling to reveal the internal metamaterial 
structure. Left inset, glass slide uniformly coated with 450-nm-thick 
metamaterial; right inset, magnified cross-section of the metamaterial layers. 
b, Intensity profile of transmitted beam imaged with an optical microscope at 
the glass-metamaterial interface and integrated over aperture length, at various 
incident angles 6;, for transverse magnetic (TM) and transverse electric (TE) 
polarizations. c, Power refractive index of the metamaterial, as a function of 6;, 
for TMP light. The purple points show ns Meas, the experimentally derived value 
of ns, for which the horizontal error bars correspond to the mechanical 
uncertainty (+ 1°) in the angle of illumination and the vertical error bars 
represent the uncertainty in the measured lateral shift due to the pixel 
resolution of the recording charge-coupled-device camera. The red dotted line 
shows ns exc, the value of ng derived from the metamaterial’s EFC. The red solid 


refractive indices are available*'*'*. Here we exploit the broad-angle 
negative refractive index achieved with our left-handed metamaterial 
to demonstrate Veselago flat lensing in the ultraviolet, extending the 
experimental realization of this effect across the electromagnetic spec- 
trum and into a frequency range with important applications such as 
fluorescence imaging and photolithography. Although our metama- 
terial has a left-handed response only for transverse magnetic polar- 
ization, we show that imaging with circular polarization enables a flat 
slab of the metamaterial to perform three-dimensional imaging of 
two-dimensional objects beyond the near field (d> Jo), closely 
approximating ideal, far-field flat lensing discussed by Veselago. 

The flat lens consists of a free-standing film of the stacked- 
waveguide metamaterial described and characterized above. To probe 
the performance of the lens, imaging apertures of various shapes are 
fabricated directly on the lens surface. The apertures are illuminated at 
normal incidence with coherent ultraviolet light (A) = 363.8 nm), rep- 
licating the schematic set-up in Fig. 3a. The lensing performance of the 
structure is first characterized by using it to image a slit aperture of 
width w, = 180 nm, illuminated by TMP light (magnetic field oriented 
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line shows ng pprp1, the value of ns derived from FDTD simulations in which an 
ultraviolet beam is diffracted through an aperture-bearing metamaterial akin to 
that in the experiments. The red dashed line shows ns pprp2; the value of ng 
derived from FDTD simulations in which a plane wave is incident on a bare 
metamaterial and the time-averaged Poynting vector is averaged over a unit 
cell. Inset, simulated profile of the time-averaged Poynting vector for the 
aperture-bearing metamaterial illuminated at 6; = 40°. d, Refractive index of 
the bare metamaterial, as a function of 6;, for TMP light. The blue solid line 
shows ne, the refractive index derived from effective parameter retrieval 
applied to FDTD-simulated reflection and transmission data. The blue dotted 
line shows nggc, the refractive index derived from the metamaterial EFC. Inset, 
simulated magnetic field distribution for the metamaterial slab illuminated 
with a plane wave incident at 0; = 40°. The dash-dot lines show phase fronts in 
free space and glass, the dashed lines show effective phase fronts in the 
metamaterial inferred from Snell’s law (on the basis of ner¢), and the red and 
green arrows represent the Poynting vector and the wavevector, respectively. 


along the slit). The lateral intensity profile of the transmitted light on 
the opposite side of the metamaterial slab is recorded with an optical 
microscope as a function of distance, z, relative to the exit surface of the 
slab (Fig. 3b), where z > 0 corresponds to a position outside the slab. A 
curve fit to the full-width at half-maximum (FWHM) of the intensity 
profile reveals a beam waist located at a position zp = 390 nm, which is 
interpreted as the focal distance of the flat lens relative to the lens exit 
surface. The measured focal distance is comparable to the theoretical 
value of 450 nm expected for a flat lens consisting of an ideally iso- 
tropic left-handed medium of refractive index n= — 1 and thickness 
d=450nm. In addition, zr is consistent with the numerical value of 
360 nm predicted by an FDTD simulation of the stacked-waveguide 
metamaterial lens bearing a slit aperture (Fig. 3b, inset). The experi- 
mentally measured beam width at z has a FWHM value of 
WE Meas*“370nm, which is limited by the resolution of the optical 
microscope used for the observation. The FDTD simulations yield a 
minimum beam width of we gprp = 200nm, which is close to the 
theoretical resolution limit of the implemented flat lens (Supplemen- 
tary Fig. 2). 
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Figure 3 | Ultraviolet flat lensing. a, Schematic diagram of imaging with a 
Veselago flat lens (of index n = — 1 and thickness d). Optical rays diverging into 
the bulk of the lens from a given constituent point source on the lens surface are 
each negatively refracted at the exit surface of the lens, with equal and opposite 
ray angles on either side of the boundary, as dictated by Snell’s law. This 
refraction process then leads all rays to converge to a point image located in free 
space at a distance from the exit surface equal to the thickness, d, of the lens. 
b, FWHM of experimental lateral intensity profile of the metamaterial flat-lens 
image of a 180-nm-wide slit aperture, as recorded with an optical microscope, 
plotted against distance, z, relative to the exit surface of the slab. The black 
dotted line indicates the exit surface of the lens (z=0). Errors, standard 
deviation for repeated measurements (four in total). The dashed line shows a 


Although image transfer with no loss of spatial frequencies beyond 
the diffraction limit (super-resolution) was derived for the ideal case of 
a lossless, non-dispersive Veselago flat lens with ¢ = np = —1 (ref. 19), 
imaging performance under more realistic conditions of loss, disper- 
sion or even infinitesimal departure from rigorous equality between ¢ 
and yu has been shown to be significantly degraded”®”’. In particular, 
near-complete loss of super-resolution is expected when a lossy, dis- 
persive left-handed Veselago flat lens of super-wavelength thickness 
(d= Ao, as here) is used for image transfer beyond the near field’®?*"™*. 
Though image transfer with a finite amount of super-resolution has 
been experimentally demonstrated in recent years at ultraviolet fre- 
quencies comparable to that of the present experiment using a non- 
left-handed ‘poor-man’s’ superlens consisting of a thin, flat Ag film” 
(d~/ /12), this electrostatic-limit imaging mode is possible only over 
near-field distances, a situation which is conceptually different from 
that of the present study. 

The ability of the fabricated flat lens to image two-dimensional 
objects of arbitrary shapes is demonstrated using cross (Fig. 3c) and 
ring (Fig. 3d) slit apertures. The aperture width is set to a constant value 
of 180 nm (w, < 29/2) to suppress transverse-electric-polarized light, 
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polynomial fit. Inset, profile of the time-averaged Poynting vector resulting 
from FDTD simulation of the experimental configuration. The simulated 
transmitted beam is characterized by a waist at zp = 360 nm. ¢, d, Scanning 
electron microscope images of slit apertures located on the metamaterial flat 
lens surface, forming cross (c) and ring (d) objects. e, f, Corresponding images 
produced by the flat lens under illumination by circularly polarized ultraviolet 
light, as recorded using an optical microscope focused at zp. Scale bars, 3 jum. 
g, Intensity modulation contrast, y, as a function of pump intensity I,ump at 
wavelengths of 290 (purple) and 760 nm (red). Pump pulse length, 150 fs; 
repetition rate, 80 MHz. Errors, standard deviation for repeated measurements 
(four in total). Inset, recorded intensity profiles of slit image at zp with pump off 
(top) and pump on (bottom). Pump intensity, 18kW cm ~. 


which is not focused by the lens. To maintain imaging of the full 
specified shapes of the two-dimensional aperture objects, circularly 
polarized illumination is used to probe evenly all radial directions of 
each object. The resulting images of the objects formed by the flat lens 
are shown in Fig. 3e (cross) and Fig. 3f (ring), as recorded by the optical 
microscope focused at zp. The salient characteristics of the images, 
including point-to-point replication of features of the two-dimensional 
objects, are consistent with those expected from a Veselago flat lens 
imaging beyond the near field. 

In parallel with their exotic refractive properties, actively tunable 
metamaterials offer the possibility of dynamic control of light**. Here 
we demonstrate that the intensity of an ultraviolet image transferred by 
the metamaterial flat lens (for continuous-wave illumination at 
Ao = 363.8 nm) can be dynamically varied by illumination of the exit 
surface of the lens with a pulsed pump beam (Apump = 290 nm) tuned 
above the bandgap of the as-deposited constituent TiO, (characterized 
in Supplementary Fig. 3). As the pump intensity, Ipump, is increased, 
the transmitted intensity, Ion, is observed to decrease (Fig. 3g). The 
corresponding intensity modulation contrast, y= (lorr — Ion) /Torr 
(where Jopr is the transmitted intensity in the absence of pumping), 
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displays a quasilinear dependence on Ipump and increases to a value of 
y~50% at the maximum explored pump intensity below the damage 
threshold of the sample. Conversely, pumping the metamaterial to 
similar intensities at a wavelength tuned below the TiO, bandgap 
(Apump = 760nm) yields no significant transmission modulation 
(y~0%). These observations support the hypothesis that pump- 
induced transmission suppression results from absorption by free car- 
riers generated in the TiO2 (refs 27, 28). The achieved modulation 
contrast exceeds that of electro-absorption-based solid-state devices 
operating in the ultraviolet”. 

We have experimentally demonstrated a bulk metamaterial with an 
all-angle negative index of refraction, and have used it to achieve 
Veselago flat lensing and all-optical modulation in the ultraviolet. 
The fabrication-friendly planar architecture of this metamaterial 
shows promise for building large-area left-handed optical elements 
for manipulating light at frequencies beyond the visible. 


METHODS SUMMARY 


To fabricate the structure used for the refraction experiment, sequential direct- 
current and radio-frequency sputtering in the same sputter chamber were used to 
deposit alternating layers of Ag and TiO, on a transparent glass slide (deposition 
rates: Rag ~ 3.6As 1, Rrio, © 0.35 As_'). The resulting metamaterial was then 
sputter-coated with a 120-nm-thick Cr layer, with an aperture etched through the 
Cr layer using FIB milling. Finally, two reference alignment marks consisting of 
100-nm-wide, 1-1m-long slits through the full thickness of the metamaterial down 
to the glass substrate were also patterned by FIB milling in the vicinity of the 
aperture. The structure used for the flat-lensing experiment was fabricated by 
sputter deposition of a metamaterial stack onto a Siz;N, membrane previously 
coated with a 120-nm-thick Cr layer. FIB milling was then used from the mem- 
brane side to remove the Si;N, locally and pattern various slit-aperture objects 
through the Cr layer. 

For both refraction and lensing experiments, accurate referencing of the focal 
plane of the optical microscope (with a X100 objective lens) relative to the exit 
surface of the metamaterial was achieved by focusing the diverging ultraviolet light 
emitted by the alignment-mark slits on the exit surface. In addition, the illumi- 
nated alignment marks were also used as a reference for accurate calibration of the 
lateral shift of the transmitted beam under refraction at various angles of incid- 
ence. For the active flat-lensing experiment, a 40, deep-ultraviolet objective lens 
was used to record the probe beam and simultaneously focus the pump beam onto 
the sample surface. After each pump-on experiment, the transmitted intensity of 
the probe beam was rechecked to exclude the possibility of the flat lens sample 
being damaged during the pump process. 
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Enantiomer-specific detection of chiral molecules 
via microwave spectroscopy 


David Patterson’, Melanie Schnell?* & John M. Doyle! 


Chirality plays a fundamental part in the activity of biological mole- 
cules and broad classes of chemical reactions, but detecting and 
quantifying it remains challenging’. The spectroscopic methods 
of choice are usually circular dichroism and vibrational circular 
dichroism, methods that are forbidden in the electric dipole 
approximation’. The resultant weak effects produce weak signals, 
and thus require high sample densities. In contrast, nonlinear tech- 
niques probing electric-dipole-allowed effects have been used for 
sensitive chiral analyses of liquid samples*’. Here we extend this 
class of approaches by carrying out nonlinear resonant phase- 
sensitive microwave spectroscopy of gas phase samples in the pres- 
ence of an adiabatically switched non-resonant orthogonal electric 
field; we use this technique to map the enantiomer-dependent sign 
of an electric dipole Rabi frequency onto the phase of emitted 
microwave radiation. We outline theoretically how this results in 
a sensitive and species-selective method for determining the chir- 
ality of cold gas-phase molecules, and implement it experimentally 
to distinguish between the S and R enantiomers of 1,2-propanediol 
and their racemic mixture. This technique produces a large and 
definitive signature of chirality, and has the potential to determine 
the chirality of multiple species in a mixture. 

Our approach to determining chirality depends only on the parity 
conserving Hamiltonian of an asymmetric top in an external electric 
field®: the three rotational constants A, B and C and the corresponding 
dipole moment component magnitudes |,|; || and |y,| determine 
the rotational energy levels of such a molecule, and further specifica- 
tion of the signs of f1,, , and 1, fully determines its chirality (Fig. 1). 
The sign of any two of the three dipole moment components ji, [, and 
Ll, is arbitrary and changes with the choice of axes, whereas the sign of 
the combined quantity ju,/tp[l; is axis independent and changes sign 
with enantiomer. Equivalently, any measurement of the combined 
quantity [a/pl and indeed any measurement of chirality, is time- 
even and parity-odd. In the context of direct molecular chirality detec- 
tion, parity violating energy shifts arising from the weak interaction 
have been predicted’ and could in principle distinguish enantio- 
mers; but the resultant very small frequency shifts have never been 
observed and are not relevant to the techniques demonstrated here. 

The Rabi frequency describing an electric dipole transition between 
rotational states of a chiral molecule differs in sign for opposite 
enantiomers'*, and we demonstrate here theoretically and experiment- 
ally that it can be mapped onto the phase of emitted radiation by 
applying an electric field that varies during the molecular coherence 
time. This switched electric field, E,, combined with an applied micro- 
wave field, E,, induces y-polarized oscillations of the molecules’ dipole, 
causing them to emit radiation polarized along the y axis, orthogonal 
to both E,. and E, (Fig. 2). This radiation is detected and amplified, with 
the extracted signal phase @ differing by 180° between left- and right- 
handed (Sand R) enantiomers and indicating the dominant enantiomer 
(that is, the sign of the enantiomeric excess), while the signal magnitude 
V indicates the magnitude of the enantiomeric excess. With known 
molecular constants A, B, C, [,, 4 and pl, the enantiomer-dependent 


signal can be accurately predicted via numerical integration of the well- 
known asymmetric-top Hamiltonian (Fig. 2b). 

We validate our technique using R-, S- and racemic 1,2-propanediol. 
This molecule was chosen because the relevant molecular constants 
are well characterized (A = 8,572.05 MHz, B = 3,640.10 MHz, C= 
2,790.96 MHz, pg = 1.2 D, fy = 1.9 D, , = 0.36 D; ref. 14) and because 
it is readily available commercially in enantiopure form. 1,2-propanediol 
and larger molecules occupy a large number of quantum states at room 
temperature, which dilutes the signal obtained from a single rotational 
level (for example, more than 5,000 occupied states for 1,2-propanediol). 
To reduce the number of occupied states and increase the resonant 
polarizability of the sample, we therefore substantially cool the molecu- 
lar gas using techniques developed previously and discussed in detail 
elsewhere’*: the warm molecules are injected into a cryogenic buffer 
gas cell thermally anchored to a closed-cycle pulse-tube refrigerator 
and cooled to a temperature of ~7 K. However, other sources of cold 
molecules could also be used. A natural choice would be a pulsed 
supersonic beam source (rotational temperature ~2 K), which is fre- 
quently used as a cold molecule beam source for Fourier transform 
microwave spectroscopy”®. 

The experimental set-up, sketched in Fig. 3, has two walls of the 
cryogenic cell formed by mirrors that comprise a tunable plano-concave 
Fabry-Perot microwave cavity. The cavity is used to excite and detect the 
molecules, with each of its transverse and longitudinal spatial modes 
supporting two (degenerate) modes of orthogonal polarization. These 
modes can be separately addressed via waveguides attached to the planar 
mirror and coupled to the cavity via apertures (denoted A and B in 
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Figure 1 | The two enantiomers of chiral 1,2-propanediol. The Hamiltonian 
of a rigid chiral molecule in an external electric field is enantiomer-dependent. 
In any chiral molecule, opposite enantiomers have the same rotational 
constants A, B and C, and the same magnitude of dipole moment components 
|Hal> |p| and | ,|, but the sign of the combined quantity j1,lp{, is distinct for 
each enantiomer, independent of choice of axes. The displayed orientation of 
the molecules is for illustrative purposes. 
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Figure 2 | 1,2-propanediol as a rigid rotor. a, The relevant rotational level 
structure of 1,2-propanediol. Each state is designated with |Ji_, ,m). Molecules 
initially in the ground state are prepared in a superposition of |Og99) and | 1100) 
via a c-type microwave transition. A change in the electric field E, mixes in 
components of |1j91) and |1,9—1) with complex phases proportional to j1,. 
Allowed electric dipole radiation between these admixed states and the ground 
state produces an oscillating electric field in the laboratory j direction via a 
b-type transition. In the relevant limit of small E, and E,, this electric field E, is 
proportional to pgHp/, and therefore changes sign with enantiomer. The 
applied field E,, of 65 Vcm' induces a 500 kHz Stark splitting in the |Liom) 
states that is not relevant to the dynamics due to the short (~200 ns) duration of 
the field. Admixing with the |1o;) state at 6,431 MHz (not shown) also 
contributes a small amount to the chiral signature. b, A simulation of 1,2- 
propanediol in applied electric fields E, (microwave) and E,. The frequency of 
E, is 12,212 MHz, corresponding to the |0o9) >|110) ¢-type transition. In the 
figure, this field is mixed down to 15 MHz for clarity. Also shown is the 
simulated molecular polarization P, for each enantiomer, induced by the 
change in the time-varying electric field E,,. P, oscillates at the same 12,212 MHz 
frequency as E,, and is also shown mixed-down to 15 MHz for visibility. The 
enantiomer-dependent phase of P, is evident. To within experimental 
uncertainty, the sequence of applied fields shown here corresponds to the fields 
used to produce the enantiomer-dependent signals shown in Fig. 4. 


Fig. 3). A time-varying electric field E, parallel to the cavity axis can be 
applied by rapidly changing the voltage of the planar mirror 
(Vinirror = £500 V, E, = +65 V cm’); this voltage is controlled with 
high-voltage switches with a switching time of ~100 ns. 

In the experiments, molecules enter the cell continuously from a 
warm (300 K) feed tube and immediately start to cool through colli- 
sions with the cold helium buffer gas. By the time they diffuse into the 
central region of the cell, they have reached a rotational temperature of 
~7K. The cold molecules remain in the gas phase as they diffuse 
through the cell for several milliseconds, until they arrive at a cold 
cell wall and freeze there. Our detected signal comes only from the 
cold gas-phase molecules. The experimental sequence of applied elec- 
tric fields begins with the application of E, (see Fig. 3). The cavity 
is then driven with a strong, linearly polarized microwave field 
E,(t) =ZEmw cos(wt). Here t is time, Z is the unit vector along z, and 
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Figure 3 | A cryogenic buffer gas Fourier transform microwave 
spectrometer that provides enantiomer-specific detection. Molecules are 
introduced into a cryogenic cell from a room-temperature tube held close to an 
aperture in mirror 1. Microwave radiation is introduced using waveguides via 
coupling apertures in mirror 2. This mirror can be rapidly switched between 
+500 V and ground, applying a time-varying electric field in the x direction; it is 
insulated from the cell by G10 fibreglass. The molecules are polarized initially in the 
Z direction via a linearly polarized microwave pulse coupled from waveguide A. The 
resulting enantiomer-specific radiation is coupled out of the cavity via waveguide B, 
which is oriented to detect y-polarized microwaves. 


Eynw is the field strength of the applied microwave field in the z direction. 
The excitation frequency w is tuned to the |099) >|110) rotational trans- 
ition of the ground-state conformer of 1,2-propandiol at 12,212 MHz. 
(Weuse the |Jx_,x, ) nomenclature of ref. 8, where k_, and k, indicate the 
quantum numbers of the limiting prolate and oblate symmetric top 
respectively; when m is specified, we use |Jk_,k,m))- 

The maximum magnitude of E, and the pulse length t are adjusted 
to make |Q|t < 1/2 for all molecules, where Q is the Rabi frequency. 
This Z-polarized microwave pulse induces an oscillating electric dipole 
polarization, P-, in the molecular ensemble. The electric field E,, is set to 
zero 200 ns after the end of the microwave pulse; E, is switched over 
about 100 ns—rapidly compared to the molecular dephasing but 
slowly compared to «. The change in E, induces a sizable fraction of 
the oscillating molecular dipole to radiate at the same frequency w with 
y polarization. Under our experimental conditions, the chirality- 
dependent polarization P, has about 10% of the amplitude of P-. 
The induced field E,, which has an enantiomer-dependent phase, is 
amplified and recorded. The molecules continue to radiate in this 
manner until they rethermalize rotationally via collisions with helium 
atoms, typically after about 5s. This completes the experimental 
cycle, which can be started again by turning E, back on. As in con- 
ventional Fourier transform microwave spectroscopy, molecules in 
distinct parts of the cavity radiate constructively into the original cavity 
mode used to polarize the sample. This important advantage is 
retained here because modes with orthogonal polarizations share an 
identical spatial structure. 

Figure 4 shows averaged signals for the S and R enantiomers of 1,2- 
propanediol, and for a racemic mixture. Each signal represents the 
difference between a time trace taken with E,= +65Vcm ‘ anda 
trace taken with E, = —65Vcm 1 As predicted, the S and R enantio- 
mers show a clear 180° phase shift. The opposite enantiomers and a 
racemic mixture are resolved with exceptionally high confidence. Our 
Hamiltonian integration calculations (shown in Fig. 2) are in excellent 
agreement with experimental data. 

We note that the common spectroscopic methods of circular dichro- 
ism and vibrational circular dichroism can resolve spectral signatures 
sufficiently to deconvolve a chiral mixture that is comparatively simple’’, 
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whereas our method has the ability to identify an enantiomer amid a 
complex mixture of many other (possibly chiral) components. Although 
the chiral signature could be misread as for a different molecule, this 
would only occur in the very unlikely case of a second molecule having a 
rotational transition within the frequency range of the observed free- 
induction decay (in this case 12,212.14 + 0.02 MHz). We expect that 
straightforward improvements to the electronics will allow us to resolve 
enantiomers present in concentrations as low as one part per thousand 
in a complex mixture, and that combining our method with broadband 
chirped-pulse spectroscopy techniques’* will enable rapid and simultan- 
eous species-specific and enantiomer-specific identification of many 
chiral components in a complex mixture. 

Any coherent method of enantiomer-specific analysis can in prin- 
ciple be converted into a method of enantiomer purification’*!””, 
which could be realized here by adding a third, phase-controlled field 
pulse E,; appropriate choice of the phase of E,, E,, and E, would transfer 
molecules of only one enantiomer to an excited state that could then be 
selectively addressed by additional fields. 

We have applied our method to a single molecular species, but our 
simulations have identified applicable microwave transitions in a wide 
range of molecules. The only essential requirement is that the target 
molecule has at least one conformer with non-zero dipole moment 
components f,, , and .. Larger molecules, including most chiral 
molecules, typically exhibit several stable conformers and it is over- 
whelmingly likely that at least one of them meets this criterion. Our 
simulations of the enantiomer-dependent signals for molecules as 
diverse as carvone, nicotine and alanine predict a strong signal 
in every case, and we therefore expect that the upper size limit of 
molecules amenable to this technique is set by the limitations of gas- 
phase microwave spectroscopy (which has been used to characterize 
neurotransmitters, amino acids and drugs‘). Furthermore, the 
absolute configuration of previously uncharacterized molecules could 
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Figure 4 | Enantiomer-dependent microwave radiation. a, The enantiomer- 
dependent free-induction decay traces for S-1,2-propanediol (blue trace), 
R-1,2-propanediol (red) and racemic 1,2-propanediol (black). As predicted, 
opposite enantiomers showa 180° phase difference. b, Repeated measurements of 
enantiomeric excess (horizontal axis) and of total molecule number (vertical axis) 
for S-, R- and racemic 1,2-propanediol. Each data point represents about 20s of 
experimental time, and 1 mg of sample. Enantiomers are clearly resolved. 
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be resolved by using the technique presented here. The relevant 
molecular constants of 1,2-propanediol and the molecules listed above 
were calculated from the microwave spectra of cold molecular samples; 
such spectra are also measurable in our apparatus. 


METHODS SUMMARY 

Enantiopure R-1,2-propanediol and S-1,2-propanediol (Sigma Aldrich) were used. 
The free-induction decay signals were recorded using standard Fourier transform 
microwave spectroscopy techniques'®, with a typical polarization pulse length of 
200 ns. The signal was amplified, mixed down to an intermediate frequency of 
20.2 MHz, further amplified, and digitized by a fast signal averager (Agilent U1084). 
Each data point in Fig. 4b represents 140,000 averages, about 20 s of experimental time, 
and 1 mg of 1,2-propanediol. The apparatus used here could identify the absolute 
configuration of an unknown enantiomer with 99% accuracy in less than 50 ms. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Numerical simulations. For a given sequence of applied fields, the simulation 
proceeds as follows: the matrix representations of the field-free Hamiltonian Ho 
and the three Cartesian components of the dipole moment operator jt; (j = x,y,z) 
are calculated following ref. 8. The off-diagonal elements in these matrices are 
enantiomer dependent. The matrices are calculated in the oblate symmetric top 
basis with an arbitrary cut-off of rotational quantum number J = Jax: Jmax = 2 for 
the simulation results shown in Fig. 2. 

Molecules are assumed to start in an eigenstate of Ho, W(t=0) = Tk ykym+ FOr 
each time step At the electric fields to be applied at time t are calculated, and the 
Hamiltonian H(t) = Hy —Ex(t) uy Ey(t),—E-(t)M, for an asymmetric top 
subject to those fields is calculated. Y is then evolved, according to: 


Witt at) =r v(t) 


The time step At is chosen to be significantly faster than any frequency in the 
simulation. The induced laboratory-frame polarizations P;= (4. are then calcu- 
lated. P(t), which has an enantiomer-dependent phase for our choice of applied 
fields, is plotted in Fig. 2. To simulate a thermal ensemble, this procedure is 
repeated for all initial states % up to J = Jmax and the resulting polarizations, 
weighted by the Boltzmann factor e~*/ksT for each initial state, are summed to 
give the experimentally observable ensemble polarization. The validity of the 
simulations was checked by comparing predicted levels, line strengths and Stark 
shifts with the PGOPHER simulation package”. All simulations were written and 
performed in MATLAB. 

Experimental details. Enantiopure R-1,2-propanediol and S-1,2-propanediol 
(Sigma Aldrich) were used. In the experiments, a flow rate of 1.5 x 10'® helium 
atoms s_' into the cell provides an estimated in-cell helium density of 10!+ atoms 
cm’ *. Approximately 5 x 107 1,2-propanediol molecules s' are sprayed towards 
the cell aperture; we estimate the 1,2-propanediol density within the cell to be 
about 10'? molecules cm” *. The experimental repetition rate of 7 kHz is set (and 
limited by) the maximum switching frequency of our high-voltage switches. 
Without this limitation, or when E, is set to zero, the rate is limited only by the 
molecular rethermalization rate of 200kHz. The applied electric field E, is 


+65Vcm | (+500V on mirror 2). This high voltage is switched via Behlke 
HTS 151 high-voltage MOSFET switches. The polarizing pulse is typically 
200ns in duration, and our maximum microwave field E, is estimated to be 
0.5V.cm_' from measurements of the Rabi frequency Q. The cavity was run in 
the TEM,,,,-6 mode; the more natural choice of the TEMo9 mode could not be 
used because it was highly damped by loss through the molecule input aperture. 

Mirror 2 of the cavity was mounted on flexible bellows and could be moved 
axially by about 1 cm, tuning the cavity (see Fig. 3 for cavity details). This tuning 
was accomplished via three thermally isolating, flexible shafts connected via rotary 
feedthroughs to knobs outside the Dewar. The aluminium cavity has a measured 
finesse of 105, a length of 8.1 cm, and a radius of curvature on its spherical mirror 
of 22.5 cm. The input aperture for the molecules has a diameter of 1.1 cm, and the 
coupling apertures A and B have diameters of 0.8 cm. The waveguides connected 
via apertures A and B are WR-62, operating from 12 to 18 GHz. E, is detected after 
waiting ~2 1s for the cavity to ring down. The signal is amplified by a low-noise 
amplifier (Pasternack PE1524) connected immediately outside the vacuum cham- 
ber with no protection diodes or switches. The amplified signal is mixed down to 
an intermediate frequency of 20.2 MHz, further amplified, and digitized by a fast 
signal averager (Agilent U1084). Each data point in Fig. 2b represents 140,000 
averages, about 20 s of experimental time, and 1 mg of 1,2-propanediol. Our signal 
to noise ratio is sufficient to identify the absolute configuration of an unknown 
enantiomer with 99% accuracy in less than 50 ms. 

The chirality-dependent signal E, is proportional to E,E,. In order to cancel 
some systematic offsets in the detected microwave field, we exploit the change of 
sign of E, with E, by subtracting traces taken with equal and opposite values of E,. 
This systematic offset in E, arises from crosstalk between what are nominally 
orthogonal cavity modes. Even with this cancellation, the racemic 1,2-propanediol 
sample produces a small but statistically significant non-zero signal. A plausible 
explanation for this is imperfect reversal of our electric field; distinct MOSFET 
switches, resistor networks and power supplies are used for the positive-going and 
negative-going applied fields, and small errors in the voltage or timing could result 
in artefacts similar to those observed. 


25. Western, C. M. PGOPHER, a Program for Simulating Rotational Structure Version 
7.1 (Univ. Bristol, 2010). 
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Weakened stratospheric quasibiennial oscillation 
driven by increased tropical mean upwelling 


Yoshio Kawatani! & Kevin Hamilton? 


The zonal wind in the tropical stratosphere switches between pre- 
vailing easterlies and westerlies with a period of about 28 months’. 
In the lowermost stratosphere, the vertical structure of this quasi- 
biennial oscillation (QBO) is linked to the mean upwelling’, 
which itself is a key factor in determining stratospheric composi- 
tion. Evidence for changes in the QBO have until now been equi- 
vocal, raising questions as to the extent of stratospheric circulation 
changes in a global warming context. Here we report an analysis of 
near-equatorial radiosonde observations for 1953-2012, and 
reveal a long-term trend of weakening amplitude in the zonal wind 
QBO in the tropical lower stratosphere. The trend is particularly 
notable at the 70-hectopascal pressure level (an altitude of about 
19 kilometres), where the QBO amplitudes dropped by roughly 
one-third over the period. This trend is also apparent in the global 
warming simulations of the four models in the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) that realistically simu- 
late the QBO. The weakening is most reasonably explained as 
resulting from a trend of increased mean tropical upwelling in 
the lower stratosphere. Almost all comprehensive climate models 
have projected an intensifying tropical upwelling in global warm- 
ing scenarios’, but attempts to estimate changes in the upwelling 
by using observational data have yielded ambiguous, inconclusive 
or contradictory results**°. Our discovery of a weakening trend in 
the lower-stratosphere QBO amplitude provides strong support 
for the existence of a long-term trend of enhanced upwelling near 
the tropical tropopause. 

Unlike the annual or diurnal cycles, the QBO has no direct periodic 
astronomical forcing, but its effects on the zonal wind display a 
remarkable degree of regularity and persistence. Each QBO zonal wind 
cycle studied has had the same characteristic pattern of descending 
shear zones, and individual cycles have had periods ranging between 
21 and 36 months (Supplementary Fig. 2). The zonal-wind QBO near 
the Equator has a characteristic vertical amplitude structure; it is near 
zero just below the equatorial tropopause (~100hPa) and then 
increases rapidly with height in the lowermost stratosphere to a peak 
at around 20 hPa. 

The mean wind accelerations during the QBO are thought to be 
largely forced by interactions of the mean zonal wind with vertically 
propagating internal waves generated in the tropical troposphere" 
(Methods). This mechanism has been incorporated into simple 
dynamical models®’*”’ and has been shown to operate in comprehens- 
ive global climate models'''*”’. The period and vertical structure of the 
oscillation depend on the wave fluxes entering the tropical stra- 
tosphere and also on the mean tropical upwelling, which is associated 
with the mean meridional circulation of the stratosphere, or Brewer- 
Dobson circulation. The wave-induced QBO descending phases are 
opposed by the mean upwelling and, in models at least, the penetration 
of the QBO is very strongly dependent on the strength of the mean 
upwelling’. 

A number of earlier studies have looked at whether the period of 
the QBO exhibits systematic long-term trends or dependence on 


such factors as solar activity or the El Nino/Southern Oscillation 
(ENSO)'**!. There does not seem to be a clear long-term trend in the 
period of the QBO, and we still lack a detailed explanation of the cycle- 
to-cycle variability of the QBO period apparent in the observations. 

Whereas the variability of the period has been studied extensively, 
there are apparently no earlier studies on the question of systematic 
long-term QBO amplitude changes, possibly because a simple inspec- 
tion of the raw time-series data (Supplementary Fig. 2) indicates that 
cycle-to-cycle amplitudes are much more stable than the period. The 
issue of possible long-term changes in amplitude arose from our recent 
global modelling study of the response of the simulated QBO to 
increased greenhouse gas concentrations**. We found a projected 
small increase in the mean period, but one that would be hard to detect 
amid the large cycle-to-cycle variability in the observed record. Also 
apparent was a significant reduction in QBO amplitude, particularly 
near the lowest stratospheric levels. In the model, the reduction in the 
QBO amplitude is clearly caused by an enhancement of the mean 
upwelling rate of the tropospheric air into the stratosphere (Sup- 
plementary Fig. 1). 

Global models forced with scenarios of rising greenhouse gas con- 
centrations project large increasing trends of mean upwelling in the 
tropical upper troposphere and lower stratosphere’ and such trends 
will play an important role in long-term changes in stratospheric water 
vapour and other aspects of stratospheric chemistry”. Trends in stra- 
tospheric water vapour and other stratospheric trace constituents in 
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Figure 1 | Time-height section of the three-cycle mean amplitude of the 
observed QBO, and the height dependence of the amplitude trend over time. 
In the main panel, the horizontal axis represents the central date of the three- 
cycle mean of A,,; contour intervals are 1m s 'and2ms | for values less and 
greater than 10ms° |, respectively. The right panel shows the linear regression 
trends in the QBO amplitude (in per cent per decade) over time with height 
from 1953 to 2012 (red) and 1976 to 2012 (blue). Filled circles indicate that the 
trend at that level is different from zero with a statistical significance P< 0.05. 
Error bars denote P < 0.05 confidence intervals in the trend estimates. 
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turn can make a significant contribution to the global mean radiative 
forcing of climate’. In this work, we analyse the observed prevailing 
equatorial wind record to identify any significant long-term trends of 
the QBO amplitude in the lower stratosphere that may also indicate 
changes in the mean upwelling. 

The data analysed here are monthly mean values of operational 
balloon-borne radiosonde observations from near-equatorial stations” 
for January 1953 through to the end of December 2012. This data set is 
pieced together from three separate near-equatorial stations: Canton 
Island (2.8° S, 171.7° W) for the period January 1953 to August 1967, 
Gan (0.7°S, 73.2°E) for September 1967 to December 1975, and 
Singapore (1.4° N, 104.0° E) for January 1976 to present (Methods). 
The QBO amplitude in the lower stratosphere is thought to be almost 
zonally symmetric, and the discontinuity associated with changing sta- 
tion location should be small”. 

At each height, we define a time-varying measure of the amplitude 
of the QBO, A,, (see Methods). A,, is defined over overlapping chunks 
of the record spanning 3 cycles of the QBO (roughly a 7 year running 
mean) and so smooths out cycle-to-cycle variability that might be 
associated with, for example, ENSO”’. The time-height section of A, 
is plotted in Fig. 1. The red curve in the right panel shows the linear 
regression trend in A,, at each level over the whole record, while the 
blue curve shows results calculated using only the Singapore (January 
1976 and later) data. Trends are expressed in terms of percentage per 
decade at each level. An overall trend towards a much weaker QBO at 
70 hPa and a slightly stronger QBO at 30 hPa and higher is evident in 
Fig. 1. The trend at 70 hPa is statistically significant (P < 0.05) in the 
record for the entire period and also when only post-1975 data are 
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Figure 2 | Time-height section of the three-cycle mean amplitude of the 
simulated QBO, and height dependence of amplitude trend over time. In the 
main panel, we show the modelled zonal mean amplitude of the QBO over the 
Equator for MPI-ESM-MR (a), HadGEM2-CC (b), MIROC-ESM-CHEM 

(c) and MIROC-ESM (d) for about 200 years. Contour intervals are the same as 
in Fig. 1. The use of colour is the same as in Fig. 1 fora and b, but shifted 2ms~' 
downward for c and d. The right panels are as Fig. 1 but for 1953 to 2012 (red) 
and the twentieth to the twenty-first century (black). Other features are as in 
Fig. 1. 
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considered. The linear trend at 70 hPa implies a reduction in the mean 
amplitude of about one-third over 1953-2012. The data set we ana- 
lysed to produce Fig. 1 has been widely applied in QBO studies, and is 
notable for the long record from stations very close to the Equator. 
There are also data available from other very low-latitude stations with 
reasonably long records and relatively few gaps. Analysis of the records 
from 5 other such stations, as well an extended record from Singapore, 
reveals negative QBO amplitude trends in each case (Supplementary 
Fig. 3). We believe that this is the first report of a long-term trend in the 
observed QBO amplitude. 

Although the linear trend at 70hPa is statistically significant, 
shorter-timescale variations in A, are also evident. Notably, one of 
the deepest penetrations of the mean easterlies into the lowermost 
stratosphere occurred in boreal spring 2010 (although this easterly 
phase persisted for an unusually short time at 70hPa; see Sup- 
plementary Fig. 2). This one exceptional event accounts for the 
increase in A, at 70 hPa in the final point plotted in Fig. 1. 

We have used the same approach to examine trends in the equat- 
orial zonal-mean wind QBO in the CMIP5 forced climate simulations. 
Most comprehensive global models do not simulate anything resem- 
bling the real QBO in the tropical stratosphere, but the most recent 
phase of the CMIP is notable for having four models that do have a 
reasonable QBO. These models include a parameterization of small- 
scale gravity waves (Methods). We analysed a single realization of the 
CMIP5 ‘historical runs’ (forced with observed greenhouse gas and 
aerosol concentrations) from 1900-2005 along with the continuation 
for the ‘rcp4.5 scenario’ projections of climate forcing for the remain- 
der of the twenty-first century*®. The main panels of Fig. 2 show A, 
calculated from the equatorial zonal-mean zonal wind in each of the 
four models. The black curves in the right panels show the linear 
regression trends based on all 200 years of model data and include 
P<0.05 confidence estimates. With all 200 years of data the trends are 
well determined, but there is enough shorter-period variability that the 
trends over a period of only 60 years (that is, the observed record) are 
much more variable. A simple way to look at this aspect of the vari- 
ability is provided by the red curves, which show the trend in A,, using 
model results only from the 1953-2012 period. 

Over the full 200 year record, all four model simulations show a 
gradual, but quite persistent, weakening trend for A,, with occasional 
strong variations on decadal scales. The weakening is seen up to 10- 
15hPa, but is very noticeable (particularly in percentage terms) at 
70hPa. By the end of the twenty-first century, the amplitude at 
70 hPa is projected by these models to be severely reduced from that 
at the beginning of the twentieth century. 

Although each model shows consistent trends in the 200-year and 
60-year results at 70hPa (statistically significant at P< 0.05 in all 
negative trends, except at P< 0.06 in MIROC-ESM-CHEM and insig- 
nificant in MPI-ESM-MR in 60-year results; see open or filled circles in 
Fig. 2), there is more difference, even in sign, among the trends at 
higher levels. This suggests that the small increasing trends seen at 
30-10 hPa in observations (Fig. 1) may not be representative of the 
very long-term global warming driven changes. The positive trend in 
A,, at 15-20 hPa is statistically significant from 1953 to 2012, but is not 
from 1976 to 2012 (that is, using only the Singapore data), and is much 
smaller in percentage terms than the negative trend at 70hPa. The 
radiosonde record analysed here is from three near-equatorial stations 
at different longitudes, and so the pre-1976 results may have spurious 
changes introduced by the changes in station locations. This is probably 
a bigger issue for the middle stratospheric levels (as the QBO amplitude 
there has some modest (~ 10%) longitudinal variation) than at 70 hPa 
(where the QBO is expected to be almost zonally-symmetric)”’. 

Figure 3 shows the individual model time series of A, at 70 hPa 
compared with the observations. The decreasing trend in the observa- 
tions is larger than that of any of the models, but the overall behaviour in 
terms of quasi-decadal variability imposed on a very long-term gradual 
decrease is quite similar in the observations and the model time series. 
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The penetration of the QBO into the lowermost stratosphere is 
controlled by the mean vertical upwelling near the Equator’*. The 
CMIP5 model data archive does not include the information needed 
to calculate the transformed-Eulerian mean (TEM) circulation (which 
is a good approximation to the Lagrangian mean upwelling”). Instead, 
we have examined trends in the Eulerian vertical velocity, which may 
roughly approximate the trends in TEM circulation near the Equator 
(Supplementary Fig. 5). These trends at 70hPa are shown for the 
models in Fig. 3. The mean vertical velocity was not available for the 
Hadley Centre HadGEM2-CC model, so results from other versions of 
the Hadley Centre model are presented. In each case, an increasing 
trend in the mean upwelling velocity is apparent. The increasing trend 
is strong in the upper troposphere and lower stratosphere region, 
whereas the trend at 10-30hPa is smaller and much more variable 
in all models (see Supplementary Fig. 6). 

The present analysis shows that both models and the observations 
display a robust weakening trend in 70 hPa QBO amplitude, but it is 
reasonable to ask as well whether the observed and simulated changes 
in QBO period agree. It seems that no trend in the period of the QBO 
can be detected in the 60 years of observations. The simulated model 
trends are inconsistent in sign among the models, and are small 
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Figure 3 | Time variation in the three-cycle mean amplitude of the observed 
and modelled QBO and in modelled annual mean upward velocity at 70 hPa 
over 15° S-15° N. a, Radiosonde observations (black); b, MPI-ESM-MR (red); 
c, HadGEM2-CC (blue), HadGEM2-AO (purple) and HadGEM2-ES (light 
blue); d, MIROC-ESM-CHEM (yellow) and MIROC-ESM (green). Panel a and 
the upper parts of panels b-d show the QBO amplitude (in ms~'); the lower 
parts of panels b-d display the mean upward velocity (in mms‘). The 
amplitude range of the vertical axis is shifted 2m s_' downward for d. The solid 
line is the linear regression. The orange solid line in a shows regression only 
using data from Singapore. The linear regression trends shown are all 
statistically significant at P< 0.05. 
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enough that they would be very hard to detect in just a 60-year record 
(Supplementary Figs 7 and 8). 

Wealso analysed 200 years of output from the CMIP5 ‘pre-industrial’ 
runs with fixed climate forcing (Supplementary Fig. 9). The trends in the 
QBO amplitude and mean upwelling in these runs are extremely small, 
indicating that the trends seen in Figs 2 and 3 are due to the forced global 
warming. 

Efforts have been made to characterize the robust aspects of model 
projected changes expected from anthropogenic climate forcing as a 
‘fingerprint’ pattern that can be observationally evaluated’*. This idea 
has been generally applied to the spatial patterns of mean warming but 
could be generalized to include other aspects of the climate system. 
Our present results suggest that the decrease of QBO amplitude in the 
lowermost stratosphere is a consistent projection of global models and 
represents a subtle, but telling, part of the ‘fingerprint’ of the expected 
response of the climate system to anthropogenic climate forcing. 
Although the possible effects of changes in observing practices on 
radiosonde measurements of wind speeds have been tested less rigor- 
ously than for measurements of temperatures, our results are unlikely 
to be significantly affected by such potential inhomogeneities (Sup- 
plementary Information section 4) and they support a significant 
decline of QBO amplitude over the past six decades. 


METHODS SUMMARY 


Dunkerton and Delisi” suggested a simple approach to characterizing the QBO 
amplitude. They calculated the standard deviation, o,, for each level of the 
monthly mean time series after the mean seasonal cycle over the entire record 
had been removed. They then estimated the amplitude as A,, = 2c, assuming 
that almost all variability in the monthly means in the tropical stratosphere can 
reasonably be attributed to the QBO. We apply a similar technique to search for 
trends. We calculate A,, at each level for overlapping time chunks spanning three 
consecutive QBO cycles. The beginning and end of each chunk were based on the 
dates on which winds at 30 hPa were observed to change from westerly to easterly. 
The wind observations from January 1953 to December 2012 were used to define 
the mean seasonal cycle for the period, which was then subtracted from the raw 
data. The resulting series were then smoothed by taking 5-month running means 
(for example, Supplementary Fig. 4). Then, A,, was calculated for the first 3-cycle 
chunk using these deseasonalized and slightly smoothed data for the periods 
December 1953-February 1960, February 1956—March 1962, and so on. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Radiosonde data. We used monthly mean values of operational balloon-borne 
radiosonde observations provided by the Free Berlin University (http://www. 
geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/)”*. The monthly mean zonal wind 
components are calculated for the levels 70, 50, 40, 30, 20, 15 and 10 hPa (7 levels) 
for full periods. Since 1987, levels 60, 45, 35, 25 and 12hPa are additionally 
available (making a total of 12 levels). In drawing the time-height section of the 
QBO amplitude (main panel of Fig. 1), 12-level data linearly interpolated from 
7-level data are used from 1953 to 1986 and original 12-level data are used after 
1987. In drawing the trend of the QBO amplitude (right panel of Fig. 1), 7-level 
data, which cover the full analysed period, are used. 

Calculating QBO amplitude. Dunkerton and Delisi” suggested a simple 
approach of calculating the standard deviation, o,, for each level of the monthly 
mean time series after the mean seasonal cycle over the entire record had been 
removed. They then estimated the amplitude as A,, = J20w assuming that almost 
all the variability in the monthly means in the tropical stratosphere can reasonably 
be attributed to the QBO. This was then used to compute the long-term mean 
amplitude of the QBO. 

Here, we apply a similar technique to search for trends in shorter records. 
Specifically, we calculate A,, at each level for overlapping time chunks spanning 
three consecutive QBO cycles. The beginning and end of each chunk were based 
on the dates on which winds at 30 hPa were observed to change from westerly to 
easterly; these dates are December 1953, February 1956, April 1958, March 1960, 
April 1962, March 1965, July 1967, January 1970, May 1972, February 1974, June 
1976, March 1979, May 1981, July 1983, June 1986, November 1988, May 1991, 
October 1993, November 1995, January 1998, May 2000, February 2003, March 
2005, March 2007, June 2009 and October 2011. 

The wind observations from January 1953 to December 2012 were used to 
define the mean seasonal cycle for the period, which was then subtracted from 
the raw data. The resulting series were then smoothed by taking 5-month running 
means (for example, Supplementary Fig. 4). Then, A,, was calculated for the 
first 3-cycle chunk using these deseasonalized and slightly smoothed data from 


December 1953-February 1960, February 1956-March 1962,..., and finally March 
2005-Sep 2011. The 3-cycle mean (roughly a 7-year mean) could attenuate the 
influence of any QBO modulation by the El Niiio/Southern Oscillation”. 
CMIP5 models. MPI-ESM-MR was developed at the Max Planck Institute for 
Meteorology, Germany; HadGEM2-CC, HadGEM2-AO and HadGEM2-ES at the 
Met Office Hadley Centre, United Kingdom; MIROC-ESM and MIROC-ESM- 
CHEM at the Japan Agency for Marine-Earth Science and Technology 
(JAMSTEC), Atmosphere and Ocean Research Institute (AORI), University of 
Tokyo, and National Institute for Environmental Studies (NIES), Japan. More 
detailed information is given in Supplementary Information section 10. 

The QBO is driven by vertically propagating internal waves: large-scale equat- 

orial waves (zonal wavelengths = 10,000 km), medium-scale gravity waves (zonal 
wavelengths ~1,000-10,000km) and small-scale gravity waves (zonal wave- 
lengths approximately =1,000km) generated in the tropical troposphere’. 
The effects of small-scale gravity waves are parameterised (that is, non-stationary 
gravity wave parameterization) because CMIP5 models cannot resolve most of the 
small-scale gravity waves. The modelled QBO is driven by a combination of 
explicitly resolved and parameterised waves. This issue is discussed in 
Supplementary Information section 10, and the raw time series of the equatorial 
monthly mean zonal-mean zonal wind for a 200-year simulation are shown in 
Supplementary Figs 10-13. 
Statistical analysis. To test significance, a two-sided Student's t-test is used. The 
number of QBO cycles is 25 for 1953-2012 and 15 for 1976-2012 for the radio- 
sonde record; 82 for 1900-2100 and 22 for 1953-2012 for MPI-ESM-MR; 93 for 
1900-2099 and 25 for 1953-2012 for HadGEM2-CC; 90 for 1900-2100 and 26 for 
1953-2012 for MIROC-ESM-CHEM; and 93 for 1900-2100 and 27 for 1953-2012 
for MIROC-ESM. As our analysis uses 3-cycle segments, these numbers divided by 
3 are used as the number of degrees of freedom for calculating statistical signifi- 
cance. For the vertical velocity we analysed annual mean values over the available 
records and took the sample size to be the number of years (that is, 201 for MPI- 
ESM-MR, MIROC-ESM-CHEM and MIROC-ESM, and 200 for HadGEM2-CC, 
HadGEM2-AO and HadGEM2-ES). 
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Corticostriatal neurons in auditory cortex drive 
decisions during auditory discrimination 


Petr Znamenskiy'* & Anthony M. Zador 


The neural pathways by which information about the acoustic 
world reaches the auditory cortex are well characterized, but how 
auditory representations are transformed into motor commands is 
not known. Here we use a perceptual decision-making task in rats 
to study this transformation. We demonstrate the role of cortico- 
striatal projection neurons in auditory decisions by manipulat- 
ing the activity of these neurons in rats performing an auditory 
frequency-discrimination task. Targeted channelrhodopsin-2 (ChR2)'?- 
mediated stimulation of corticostriatal neurons during the task 
biased decisions in the direction predicted by the frequency tuning 
of the stimulated neurons, whereas archaerhodopsin-3 (Arch)*- 
mediated inactivation biased decisions in the opposite direction. Stria- 
tal projections are widespread in cortex and may provide a general 
mechanism for the control of motor decisions by sensory cortex. 

After reaching the cortex, auditory information is processed and 
relayed to a number of cortical and subcortical targets by distinct, 
largely non-overlapping populations of pyramidal neurons. These 
targets include parietal cortex, secondary auditory areas, inferior col- 
liculus and striatum, regions that have distinct roles in perception and 
behaviour. How these outputs help to establish associations between 
sounds and motor responses is unknown. 

We sought to test the hypothesis that the projection from the audi- 
tory cortex to the striatum carries acoustic information that drives 
behavioural choices during auditory discrimination. The striatum 
receives topographic inputs from throughout the cortex. Striatal regions 
that receive input from motor and prefrontal cortices have been impli- 
cated in a wide range of cognitive processes, including decision-making’, 
action selection® and reinforcement learning*’. Through downstream 
structures of the basal ganglia, the striatum influences the activity in the 
motor thalamus’ as well as superior colliculus’, a structure that has been 
implicated in driving behavioural choices in two-alternative choice 
tasks'®. Plasticity of corticostriatal connections may enable them to 
encode the arbitrary stimulus—response associations that are acquired 
in such tasks". 

In contrast, the function of striatal regions that receive direct input 
from sensory cortical areas is less well established. The striatum is one of 
the major long-range targets of the auditory cortex'’. The auditory 
cortex projects to a specific region of the striatum’. This striatal region 
does not receive input from any other cortical area and contains neurons 
sensitive to auditory stimuli'*’. We set out to test whether the auditory 
corticostriatal projection drives choices during auditory discrimination. 

We first developed a novel auditory discrimination task, inspired by 
experiments in primate middle temporal area (area MT)’®, that was 
designed to exploit the tonotopic organization of the auditory system”. 
We trained rats to discriminate low- and high-frequency ‘cloud-of- 
tones’ stimuli in a two-alternative choice task’* (Fig. 1a). On each trial 
the stimulus consisted of a train of short overlapping pure tones dis- 
tributed over a three-octave range (5-40 kHz). Subjects were required 
to choose between a left and a right reward port depending on whether 
the stimulus contained mostly low-frequency (5-10kHz) or high- 
frequency (20-40 kHz) tones (Fig. 1b). Rats were free to withdraw and 


report their choice at any time after the onset of the stimulus. Rats readily 
learned this task. Performance varied smoothly with stimulus difficulty, 
and approached 100% on the easiest stimuli (Fig. 1c). 

We used tetrode recordings to characterize the activity of individual 
neurons in the auditory cortex and the auditory striatum while rats 
performed the task. Auditory striatal neurons have been characterized 
previously in anaesthetized and passively listening animals’*** but not 
during behaviour. The firing rates of neurons in both auditory cortex 
and striatum varied monotonically with the stimulus (Supplementary 
Fig. 1a, b, e, f). ‘Ideal observer’ analysis showed that stimulus selectivity 
of cortical and striatal neurons was similar (Supplementary Fig. 1c, d, 
g, h). Although individual neurons rarely matched the performance of 
the rats, many neurons in both areas could discriminate the stimulus 
above chance levels (Supplementary Fig. 1d, h). These observations 
indicate that neurons in the striatum preserve the information avail- 
able to perform the cloud-of-tones task. 

We then tested whether manipulating cortical activity with ChR2 
(refs 1, 2) could affect subjects’ choices in the task. We proposed that 
activation of auditory cortical neurons in different regions of the tono- 
topic map would result in choice biases, the directions of which would 
depend on the frequency-response association that the rat had been 
trained to make. We implanted arrays of optical fibres coupled to 
tetrodes (Supplementary Fig. 2), which enabled us to characterize 
the frequency preference of neurons near the fibre tip. We activated 
ChR2-expressing auditory cortex neurons on a subset of trials, and 
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Figure 1 | Cloud-of-tones task. a, Format of the behavioural task. b, Example 
stimulus spectrograms at — 100, 0 and +100 tones pers. c, Psychometric curve 
from a single rat (error bars, 95% confidence interval). 
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compared performance on stimulated trials to that on control trials 
without light activation. To minimize behavioural adaptation to photo- 
stimulation, we limited the number of stimulation trials to 25% of the 
total trials, and rewarded the animal as in control trials, according to 
the frequency content of the stimulus. To quantify the effects of photo- 
stimulation on subjects’ behaviour, we fit a logistic regression model to 
the subjects’ choices (see Methods), estimating what change to the 
auditory stimulus would produce a behavioural effect equivalent to 
that of photostimulation. 

We first expressed ChR2 non-specifically in the primary auditory 
cortex using adeno-associated virus (AAV). ChR2 expression was dis- 
tributed throughout layers II to V and was present, although to a lesser 
extent, in layer VI (Supplementary Fig. 3a, b). In some sessions, activation 
of ChR2-expressing neurons induced substantial biases (Supplemen- 
tary Fig. 3c). However, contrary to our expectations the direction of 
the bias was not predicted by the tuning of the neurons near the fibre 
(Supplementary Fig. 3f). Moreover, this non-specific activation not 
only biased subjects’ choices but also interfered with their ability to 
perform the task, as measured by the slope of the psychometric curve 
(Supplementary Fig. 3d, e). 

The lack of correspondence between the direction of stimulation- 
evoked choice biases and frequency tuning was surprising and has 
several possible explanations. First, these choice biases may result from 
activation of intracortical projection neurons from other frequency 
bands of the auditory cortex. Second, they may arise from preferential 
activation of local interneurons in response to synchronous activation 
of a large number of cortical cells. Third, these biases may be a con- 
sequence of stimulation of competing output pathways, projecting to 
target areas with different functional roles. Consistent with this third 
possibility, stimulation resulted in predominantly contralateral biases 
(36 out of 57 sites, P = 0.015, Supplementary Fig. 3g, h), suggesting the 
activation of a lateralized motor pathway. These results suggested that 
the auditory cortex plays a role in the task, but that the method of non- 
specific activation of diverse neuronal populations used in these 
experiments does not provide sufficient experimental control over 
the activity of the projection neurons driving choices in this behaviour. 
We therefore proposed that targeted stimulation of corticostriatal 
neurons might produce more systematic effects. 

We used two complementary strategies to test the role of the neu- 
ronal subpopulation in auditory cortex that projects to the striatum. In 
the first strategy, we targeted ChR2 specifically to corticostriatal neu- 
rons using a herpes simplex virus-1 (HSV-1) engineered to express Cre 
recombinase’”' (Fig. 2a). This virus, when injected into the auditory 
striatum, was transported retrogradely along the axons and drove Cre 
expression in corticostriatal neurons. We then injected a Cre-dependent 
AAV driving expression of ChR2 into the auditory cortex, resulting in 
expression of ChR2 only in neurons infected by both the HSV-1-Cre 
and the AAV-ChR2. Most (84%) of ChR2-expressing neurons were 
located in layer V (Fig. 2c, d), consistent with previous results”. 

Pulses of blue light delivered through fibres in the cortex reliably 
drove action potentials in a small population of presumed cortico- 
striatal neurons (Fig. 2b; only 4 of 201 cells responded in more than 
50% of trials). Across sites, stimulation consistently biased subjects’ 
choices towards the choice port associated with the preferred fre- 
quency of the stimulation site (Fig. 2e, f). The biases were not signifi- 
cant in individual sessions (P < 0.05 in only 1 out of 33 sessions), partly 
because the number of stimulated trials per session was typically small 
(70 + 24 (+ s.d.) trials). In contrast to non-specific stimulation, con- 
tralateral and ipsilateral biases were observed with similar frequency 
(12 out of 33 contralateral sites, P = 0.31, signed-rank test) and sub- 
jects’ psychophysical performance was not impaired (Supplementary 
Fig. 4a). Choice biases were not observed in uninjected controls (Fig. 2g 
and Supplementary Fig. 5a), indicating that they were driven by the 
ChR2-mediated activation of corticostriatal neurons and not non- 
specific effects of light delivery. Thus, activation of corticostriatal neu- 
rons biased behaviour in a manner predicted by their frequency tuning. 
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Figure 2 | ChR2 stimulation of corticostriatal neurons biases subjects’ 
choices. a, Strategy targeting ChR2 expression to corticostriatal neurons using 
retrograde HSV-Cre and AAV-FLEX-ChR2, where ChR2 expression is 
controlled by the Cre-dependent FLEX switch. b, A corticostriatal neuron 
identified on the basis of its short latency light-evoked response (approximately 
1 ms). Blue bar indicates the timing of the light pulse (10 mW, 1 ms duration). 
c, ChR2 expression in corticostriatal neurons. d, Depth distribution of ChR2 
expression. Dashed lines mark the approximate location of layer boundaries. 
Error bars, 95% confidence intervals. e, Psychometric performance during a 
behavioural session in control trials (black) and during stimulation of 
corticostriatal neurons (blue). P = 0.02 for stimulation-evoked choice bias. 
Inset shows frequency tuning of multi-unit responses normalized to baseline, 
binned by octave. f, Across the population, the direction and magnitude of 
choice biases evoked by stimulation depend on the frequency preference of the 
stimulation site (n = 33 sites from 2 rats, P = 0.0006 for linear regression of 
choice bias and frequency preference). Grey shading, 95% confidence interval 
for regression line. g, Dependence of choice bias on preferred frequency of the 
stimulation site in uninjected controls, and during specific stimulation of 
corticostriatal neurons and their axons. *P < 0.05; n.s., not significant, error 
bars are standard error through bootstrap. P values within bars compare the 
frequency dependence of choice bias to 0. h, Strategy for the inactivation of 
recurrent cortical activity during stimulation of striatal axons. TTX, 
tetrodotoxin. CAGGS, chicken f-actin promoter and cytomegalovirus early 
enhancer. i, Lidocaine infusion into the auditory cortex reversibly abolishes 
antidromic light-evoked local field potential responses. 
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The behavioural effects of photostimulation could arise either directly 
through excitation of striatal neurons by their cortical inputs, or indi- 
rectly through excitation of other output pathways of the auditory cortex 
through recurrent connections. Excitation of corticostriatal neurons 
resulted in general suppression of local cortical activity (Supplemen- 
tary Fig. 6), favouring the hypothesis that behavioural effects of photo- 
stimulation are mediated by long-range rather than local outputs of 
these neurons. 
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To test this hypothesis directly, we used a second strategy. This 
strategy did not rely on cortical stimulation and therefore enabled us 
to test whether stimulation of corticostriatal neurons could bias subjects’ 
choices when recurrent cortical activity was blocked. We stimulated the 
axons of corticostriatal neurons in the striatum while inhibiting the 
recurrent cortical excitation pharmacologically (Fig. 2h). To define 
the frequency tuning of stimulated fibres, we exploited the topography 
of corticostriatal projections”. We confirmed the topographic organi- 
zation of the striatal projection of the auditory cortex in rats through 
retrograde (Supplementary Fig. 7) tracing. Owing to this topography, 
focal light stimulation in the striatum excites corticostriatal axons 
arising from a restricted region of the tonotopic map. We used striatal 
multi-unit activity to characterize the frequency preference of the 
striatal stimulation site. 

Stimulation of corticostriatal axons biased subjects’ choices towards 
the choice port associated with the preferred frequency of the stimu- 
lation site (Fig. 2g and Supplementary Fig. 5b). Stimulation also had a 
modest effect on the subjects’ performance at sites with large choice 
biases, possibly owing to a ceiling effect (Supplementary Fig. 4b, c). 
Thus, both direct activation of corticostriatal somata in the cortex, as 
well as antidromic activation of corticostriatal terminals in the stria- 
tum, biased the rats’ choices in a manner predicted from the frequency 
tuning of the activated neurons. 

We next tested whether stimulation of the axons of corticostriatal 
neurons could bias subjects’ choices in the absence of cortical recurrent 
activity. We selected striatal sites whose stimulation produced signifi- 
cant biases (P<0.05) in subjects’ choices and repeated stimulation 
after pharmacologically inactivating the ipsilateral auditory cortex. 
Cortical inactivation (2% lidocaine, n = 2 sites; 125 uM tetrodotoxin, 
n= 5sites) blocked antidromic light-evoked local field potentials 
(Fig. 2i). Photostimulation of corticostriatal axons still biased choices 
in the absence of cortical activity (P = 0.016, signed-rank test, Sup- 
plementary Figs 8 and 9), demonstrating that these biases are mediated 
directly by long-range outputs of corticostriatal neurons. 

We next examined the effects of stimulation of corticostriatal neu- 
rons on rats’ response times. Although individual rats varied in how 
they prioritized response speed versus response accuracy (Supplemen- 
tary Fig. 10a-f), most rats used in the stimulation and inactivation 
experiments showed a small but significant increase (in the order of 
20 to 50 ms) in response time on challenging trials, consistent with that 
reported previously in rats'®. We quantified the shift of the chronometric 
curve produced by stimulation of corticostriatal neurons (Supplemen- 
tary Fig. 10g, h). Across sessions, stimulation shifted chronometric 
curves, mimicking the effect of adding acoustic evidence favouring 
the choice associated with the preferred frequency of the stimulation 
site (Supplementary Fig. 10i, j). 

So far, our results establish that activation of the corticostriatal 
pathway is sufficient to bias subjects’ choices during an auditory dis- 
crimination task, but do not establish whether corticostriatal activity 
contributes to the formation of decisions under normal conditions, in 
the absence of ChR2 activation. If corticostriatal spikes are important 
under normal conditions, then suppressing these spikes during the 
task should lead to an ‘anti-bias’; that is, a bias in the direction opposite 
to that induced by ChR2 activation. To test this hypothesis, we targeted 
the expression of the light-activated proton pump Arch’ to cortico- 
striatal neurons using the HSV-1-based approach described above 
(Fig. 3a). Rather than attempting to inactivate all corticostriatal cells— 
a technically difficult feat whose interpretation may be obscured by the 
compensatory plasticity common to lesion studies—we sought instead 
to silence corticostriatal neurons within a restricted region of the tono- 
topic map. 

Pulses of green light in Arch-expressing animals inhibited spiking of 
putative corticostriatal neurons (Fig. 3b). As predicted, inactivation of 
corticostriatal neurons biased subjects’ choices away from the reward 
port associated with the frequency band of the inactivation site (Fig. 3c) 
but did not affect subjects’ sensitivity quantified as the slope of the 
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Figure 3 | Arch-mediated inactivation of corticostriatal neurons anti-biases 
subjects’ choices. a, Strategy targeting Arch expression to corticostriatal 
neurons. b, Activity of a presumed corticostriatal neuron inhibited by pulses of 
green light. Green shading shows the timing of the light pulse (300 ms, 5 mW). 
c, Inactivation biased choices away from the direction associated with the 
preferred frequency of the inactivation site (n = 24 sites from 3 rats, P = 0.0043 
for linear regression of choice bias and frequency preference). Grey shading, 
95% confidence interval for regression line. 


psychometric curve (Supplementary Fig. 4d). A similar trend was 
reflected in the subjects’ chronometric functions but did not reach sig- 
nificance (Supplementary Fig. 11k, 1). Pulses of green light did not affect 
the behaviour of uninjected control animals (Supplementary Fig. 5c). 
These results indicate that corticostriatal neurons in the auditory cor- 
tex transmit signals used by rats to make decisions driven by sounds. 

These experiments provided us with an opportunity to quantify the 
contribution of the output of single corticostriatal cells to behaviour. 
Earlier studies showed that subjects can be trained to detect the artificial 
stimulation of as few as 6 to 197 neurons” or even a single neuron”. 
Our experiments allow us to estimate the contribution of single neu- 
rons to behaviour during normal perception. 

We tagged Arch with green fluorescent protein (Arch-GFP) to estim- 
ate the number of neurons silenced in each experiment (Fig. 4b). Using 
in vivo recordings of putative corticostriatal cells, we estimated that the 
efficiency of inactivation decayed with a space constant of approximately 
564 um (Fig. 4a and Supplementary Fig. 11). We quantified the number 
of Arch-expressing neurons within a radius of 1 mm, or approximately 
two space constants, from the inactivation fibre for each session. The 
magnitude of choice biases depended on the number of corticostriatal 
neurons expressing Arch near the fibre (Fig. 4c). Robust choice biases 
were observed for sites with 1,040 to 2,444 Arch-expressing neurons 
within 1 mm of the fibre, comprising 0.35 to 0.83% of neurons in that 
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Figure 4 | Estimation of numbers of neurons affected by Arch inactivation. 
a, The likelihood of silencing for Arch-expressing corticostriatal neurons as a 
function of distance from the fibre (n = 7). Error bars, 95% binomial 
confidence intervals. b, Somata of neurons expressing Arch-GFP (green circles) 
identified in a fluorescence image of the auditory cortex at the end of an 
inactivation experiment. c, Effects of inactivation at sites tuned <10 kHz or 
>20 kHz were correlated with the number of Arch-expressing neurons near the 
fibre (n = 41 sites from 5 rats, P = 0.021 for linear regression of choice bias and 
neuron number). Grey points are data for 2 out of 5 rats, for which Arch 
expression was low throughout the auditory cortex (on average 72 + 69 cells 
per site). Grey shading, 95% confidence interval for regression line. 
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volume. Our observation that inactivation of this minute fraction of 
cells targeted to corticostriatal neurons could affect behaviour suggests 
a privileged role of these cells in auditory discrimination. 

The size of the neuronal pool accounting for behavioural perform- 
ance in psychophysical tasks is much smaller than the number neurons 
which carry signals relevant to the task**. The redundancy arising from 
correlated neuronal firing may restrict the effective size of the pool’®, 
limiting psychophysical performance. Our results suggest that the finite 
bandwidth provided bya small number of projection neurons that drive 
decisions constitutes an additional constraint limiting the effective 
pool size and therefore psychophysical performance. 

We have shown that the striatal projection of the auditory cortex 
conveys signals that drive behavioural choices during performance of 
an auditory discrimination task. Although our results do not exclude 
the participation of other parallel pathways, the ubiquity of cortico- 
striatal projections in cortex may provide a general mechanism for 
control of motor decisions by sensory context”. 


METHODS SUMMARY 


Male Long Evans rats (Taconic Farms) were trained in a two-alternative choice 
discrimination task. Animal procedures were approved by the Cold Spring Harbour 
Laboratory Animal Care and Use Committee and carried out in accordance with 
National Institutes of Health standards. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Viral production. AAV-CAGGS-ChR2-Venus plasmid was used for non-specific 
cortical stimulation. AAV-CAGGS-FLEX-ChR2-tdTomato virus was used for 
targeted stimulation of corticostriatal neurons. AAV-FLEX-Arch-GFP construct 
was generated by subcloning Arch-GFP from an AAV-CAG-Arch-GFP plasmid 
into AAV-FLEX backbone from AAV-EFla-FLEX-ChR2-YFP. The plasmid 
DNA was prepared using standard Maxiprep protocols (Qiagen). AAV serotype 
2/9 was packaged by the University of North Carolina viral core at a titre of 1 to 
2 x 10” particles per ml. HSV-mCherry-IRES-iCre construct (for targeting Arch 
expression) and HSV-iCre-2A-Venus construct (for targeting ChR2 expression) 
were packaged at titres of 2.4 x 10'° and 3 X 10” transducing units per ml. 
Animal subjects. Animal procedures were approved by the Cold Spring Harbour 
Laboratory Animal Care and Use Committee and carried out in accordance with 
National Institutes of Health standards. Male Long Evans rats (Taconic Farms) 
were housed with free access to food, but were water restricted after the start of 
behavioural training. Water was available during task performance (24 ll for each 
correct trial) and freely available for 15 to 30 min after the end of each behavioural 
sessions and for at least 1 h on days when behavioural sessions were not conducted. 
Viral injection. Three- to five-week-old rats were anaesthetized with a mixture of 
ketamine (60mgkg ' of body weight) and medetomidine (0.24mgkg ') and 
placed in a stereotaxic apparatus. To target the auditory cortex, part of the tempor- 
alis muscle was resected to expose the temporoparietal suture, which was used as a 
landmark to target injections. For optogenetic experiments, four injections were 
made unilaterally spanning primary auditory cortex at 0.5, 1.5, 2.5 and 3.5 mm from 
the rostral edge of parietal bone and 1.2 mm from its ventral edge. A small cranio- 
tomy was made for each injection and a glass micropipette was inserted perpen- 
dicular to the surface of the brain. Two injections were made at the depths of 
400 and 800 um, expelling approximately 250 nl of virus at each depth. To target 
the auditory striatum, two small craniotomies were made 2.0 and 2.5 mm caudal of 
Bregma and 4.5 mm lateral of the midline. Injections were made at depths between 
3.5 and 6 mm, 0.5 mm between injection sites, approximately 100 nl per site. Injec- 
tions were carried out by delivering brief pulses of pressure using Picospritzer II 
(Parker), each pulse delivering approximately 2 nl at 0.2 Hz. Rats were monitored 
during their recovery from surgery and returned to group housing. 

Behavioural training. The cloud-of-tones stimulus consisted of stream of 30-ms 
overlapping pure tones presented at 100 Hz (that is, with 10 ms between tone 
onsets). Eighteen possible tone frequencies were logarithmically spaced between 
5 and 40 kHz, a range in which rats’ hearing thresholds are low and relatively 
constant”. For each trial either the low (5 to 10 kHz) or the high (20 to 40 kHz) 
octave was selected as the target octave. Stimulus strength r determined the dif- 
ference in the rate of high and low octave tones in the stimulus. Tones were drawn 
from the target octave with a probability of (1 + 2r/100)/3. The stream of tones 
continued until the rat withdrew from the centre port. 

After reaching a weight of 200 to 250 g, rats were placed on a water deprivation 
schedule and behavioural training commenced. The rats were placed in a sound- 
proof behavioural chamber and presented with three choice ports. The rats were 
trained to first poke into the centre port, wait for the onset of the auditory stimulus 
and select one of the other two ports to receive a water reward (24 ul). Rats were 
trained to carry out this sequence using the following procedure. During the first 
phase of training, water was delivered at the correct choice port as soon as the 
stimulus was played. The duration of the pre-stimulus delay, during which the rat 
was required to remain in the centre port, was drawn from an exponential distri- 
bution whose mean was gradually increased from 0.05 s to 0.3 s. The next phase of 
training required the rat to poke at the correct choice port to trigger water delivery. 
However, the rat was allowed to correct his choice if it made a mistake. When rats 
had learned to perform the discrimination so that they consistently scored higher 
than expected by chance, they were required to make the correct choice on the first 
attempt. Error trials were punished with a 4-s timeout (2s during recording ses- 
sions). Initially, rats were trained to discriminate tone-cloud stimuli composed of 
tones either entirely in the high octave or entirely in the low octave (r = 100) and 
were gradually introduced to increasingly difficult stimuli. 

Sound intensity of individual tones was constant during each trial. To discour- 
age subjects from using loudness differences in discrimination, tone intensity was 
randomly selected on each trial from a uniform distribution 45 to 75 dB (SPL) 
during training. During manipulation and recording sessions, sound intensity was 
kept constant at 60 dB. 

Electrophysiology and optogenetics. Custom-built optical fibre and tetrode 
arrays were assembled in-house. Each array carried 6 multimodal optical fibres 
62.5 tum in diameter with a 50-jum core. The fibre tips were sharpened to a point 
using a diamond wheel to improve tissue penetration and increase the angle of the 
light exit cone. Each fibre was glued to a tetrode and the tetrode tip was cut to 
terminate within approximately 100 um of the fibre tip. The fibre and tetrode 
assemblies were mounted on individually movable microdrives. The tetrodes were 


gold-plated to an impedance of 300 kQ at 1 kHz and the tetrode and fibre tips were 
coated with Dil fluorescent dye (Life Technologies) to assist with the identification 
of fibre tracks in brain tissue. 

To implant the fibre and tetrode array, rats were anaesthetized with a mixture of 
ketamine (40 mgkg * of body weight) and medetomidine (0.16 mgkg ') and 
placed in a stereotaxic apparatus. A craniotomy was made over the target area 
(for auditory cortex, 3.5to 6.0mm caudal of Bregma and 6.5 to 7.0 mm lateral 
from the midline; for auditory striatum, 2.5 to 3.5 mm caudal of Bregma and 4 to 
5 mm lateral from the midline). All rats, with the exception of one Arch-expressing 
and one uninjected control animal, were implanted in the left hemisphere. The 
dura was removed and the implant was placed over the target area and fixed in 
place with dental acrylic. The tetrodes were then lowered until the first action 
potentials were encountered. 

To characterize the frequency tuning of stimulation and inactivation sites, the 
rats were placed in a soundproof chamber and pure tones were played in free field 
at approximately 0.5 Hz. Tone frequencies spanned from 1 to 64kHz and were 
played in a random order at 30, 50 or 70dB-SPL. Only sites that significantly 
responded to sounds (P < 0.01, signed-rank test comparing firing rate 5 to 55 ms 
after sound onset to 0 to 50 ms preceding sound onset) were included in the analysis 
of stimulation and inactivation experiments. To determine the preferred frequency, 
firing rates in the window from 5 to 55 ms after sound onset were computed for each 
frequency at 70 dB. The resulting tuning curve was smoothed with a half-octave 
sliding window. The peak of the smoothed tuning curve was selected as the pre- 
ferred frequency. Sites tuned to frequencies more than one octave outside the range 
used in the task (below 2.5 kHz) were excluded from analysis. 

For optogenetic manipulations, laser light was coupled into a FC/PC parch cord 
using a FibrePort Collimator (Thor Labs). Laser power was adjusted to produce 
the desired output at the end of the patch cord. A single implanted fibre was 
selected for manipulation and coupled to the patch cord. For ChR2 activation, 
473-nm laser light (10 mW) was delivered in 1-ms pulses (except at nine sites 
corticostriatal stimulation sites, at which we used 0.5 ms pulses) at 40 Hz while 
the rat remained in the centre port. For Arch, 530-nm laser light (50 mW) was 
delivered in 1-ms pulses (except at six sites at which we used 0.5-ms pulses) at 
100 Hz, which produced an average power of 5 mW. To decrease the ability of the 
rat to detect the stimulation light, a mask light-emitting diode (LED) of a wave- 
length similar to that of the laser was placed above the centre port in the behaviour 
chamber. The mask LED was activated on control as well as stimulation trials in 
the same temporal pattern as the laser. Manipulation trials were randomly inter- 
leaved among control trials. The optical fibre was advanced approximately 300 um 
between manipulation sessions. 

For action potential recordings, signals were filtered 600 to 6,000 Hz and recorded 
using the Neuralynx Cheetah 32 system and Cheetah data acquisition software. 
Pharmacological inactivation. Two PEEK tubing cannulas (Plastics One) were 
implanted into the auditory cortex with a separation of approximately 1 mm. Six 
stereotrodes were implanted alongside the cannulas, spanning 3 to 4mm of the 
auditory cortex, to confirm the efficiency of inactivation. One hour before the start 
of the behavioural session, the animal was briefly anaesthetized with 2% isofluor- 
ane and 0.4ul of drug (during inactivation sessions) or 9g1_' NaCl (during 
control sessions) was injected at the rate of 0.08 pl min”! in both cannulas. 
Analysis of behaviour data. Although each trial had a target frequency distri- 
bution, which determined which choice port was to be rewarded, as rats sampled 
the stimulus for a finite period of time, the frequency distribution they experienced 
might have been substantially different from the target. Therefore, we determined 
the rate of presentation of high and low tones (fnigh and fiow), that is, the number of 
tones divided by the reaction time, that the rats actually heard on each trial. To 
quantify rats’ behaviour, psychometric curves were fit with a logistic regression 
model: 


InP = B+ Bi ehh) (1) 


where p is the fraction of choices towards the port associated with high frequencies. 
Parameters / and /}; measure the bias and slope of the psychometric curve, 
respectively. To quantify the effects of stimulation or inactivation, we extended 
the model to incorporate the effects of these manipulations: 


=o +B, (righ —fow) + BS + B38 (fhigh —fiow) 


In 


where S is 1 on manipulation trials and 0 on control trials. The choice bias evoked 
by the manipulation is /,/(f, + f3) tones per s. In experiments in which ChR2 or 
Arch expression was specifically targeted to corticostriatal neurons, the interaction 
term f; was not significantly different from 0 and was omitted in estimates of 
choice bias: 
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In i = Bo + By (frigh —fiow) + BoS 
The light-evoked choice bias is then f, / f, tones per s. Confidence intervals and P 
values for individual manipulation sessions were estimated from standard errors 
of regression coefficients. 
To quantify the effects of stimulus strength [fnignh — fiow| On response times f,, we 
first used linear regression: 


mx | faigh —fiow| 

100 
Regression slope m estimates the change in response time between ambiguous and 
easiest trials. To fit subjects’ chronometric functions on individual sessions, we 
calculated the re-centred stimulus strength f’, such that subjects responded with 
equal probability to either choice port at f’ = 0, using bias fp and slope , estimates 
from the psychometric fit in (1): 


Ff’ =fhigh —flow + Bo/ Bi 
We then fit subjects’ response times t, to the following function”: 
k 
Parameter f,,, can be thought of as the motor component of the response time, and 
k sets the magnitude of modulation of response times by the stimulus. We found 
the values of ¢,,, and k that minimized the mean square error of f, predictions using 


MATLAB’s fminsearch function. We measured the shift of the chronometric 
function produced by stimulation q, adding it to the response time model: 


t ot 


t, = —tanh(f,f’)+tn 


k 
ha gg ya) ie 
To avoid local minima, we re-ran fminsearch 100 times using random starting 
parameter values and selected the set of parameter estimates with the smallest 
mean square error. Sites for which the fitting procedure failed to converge or 
produced extreme estimates of the chronometric shift (greater than 200 tones 
per s) were excluded from further analysis. 

In summary plots, linear regression using the ordinary least squares method was 
used to evaluate the relationship between frequency tuning and stimulation- 
evoked choice biases. Confidence intervals for regression fits were estimated using 
bootstrap resampling. A small number of sites (2 out of 59 using non-specific 
cortical stimulation; 4out of 56using striatal axonal stimulation) produced 
extreme choice biases (greater than 200 tones per s) outside the stimulus range 
tested in the task and were excluded from regression analysis. Including these sites 
did not alter the conclusion that striatal axonal stimulation tended to bias subjects 
in the direction associated with the preferred frequency of the stimilation site 
(P = 0.03, signed-rank test). 

As we expected that the effects of inactivation would only be detectable when a 
large fraction of the local population of corticostriatal neurons were silenced, we 
excluded sites with low Arch expression near the inactivation site (greater than 
1,000 cells) in the analysis of behavioural effects of Arch-inactivation in Fig. 3c. For 
two fibres in one of the rats we could not locate the tracks in histological sections 
and precisely estimate cell counts. Excluding the behavioural effects of inactivation 
at these fibres from Fig. 3c did not affect our conclusions (P = 0.014 for linear 
regression of choice bias and frequency tuning). Furthermore, the relationship 
between inactivation choice bias and tuning was unchanged whether we selected 
sites with greater than 250neurons (P= 0.012) or greater than 500 neurons 
(P = 0.0052) near the fibre. 
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Analysis of electrophysiology data. To isolate single units, spikes were manually 
clustered using MClust (MClust-3.5, http://redishlab.neuroscience.umn.edu/ 
MClust/MClust.html). Neurometric functions were computed using the first 
200 ms of the auditory response and only included trials in which the rat remained 
in the centre port for at least that period of time. We selected neurons whose firing 
rate during that epoch was greater than or equal to 0.5 Hz. We used leave-one-out 
cross-validation to determine neurometric thresholds and frequency preference 
for each neuron. Specifically, for each trial we used ROC (receiver operating 
characteristic) analysis, including firing rates on all other trials in the recording 
session, to select a firing rate threshold that best discriminated the frequency 
content of the auditory stimulus and to determine whether the neuron prefers 
high or low frequency stimuli. Trials in which the firing rate was greater than or 
equal to the discrimination threshold were scored as reporting the preferred 
frequency of the neuron. The neuronal choices were then fit with a logistic regres- 
sion model (see equation (1)). 

To calculate peristimulus time histograms (PSTHs), neuronal firing rates were 
smoothed with a causal half-Gaussian kernel (¢ = 5 ms). Confidence intervals 
were derived through bootstrap resampling. 

For each Arch-expressing corticostriatal neuron that we encountered, we deliv- 

ered light at different fibres along the array to estimate the maximum distance at 
which light delivery could reduce the neuron’s firing by 50%. We took this distance 
to be the mean of the distances to the furthest fibre for which inactivation was 
greater than 50% and the closest fibre for which inactivation was less than 50%. 
The likelihood of inactivation at a given distance was estimated as the fraction of 
neurons inactivated at that point. 
Histology and cell-count analysis. At the end of the experiment, rats were deeply 
anaesthetized with ketamine and medetomedine. Small electrolytic lesions were 
made by passing 30 1A direct cathodal current through each tetrode for approxi- 
mately 10s, marking the final position of the tetrode tip. The rats were then 
perfused with 4% paraformaldehyde (PFA), their brains were extracted and 
post-fixed in 4% PFA overnight. The brains were cut into 100-|1m sections and 
mounted using Vectashield (Vector Laboratories) for confocal microscopy. To 
ensure that HSV-mediated labelling was confined to corticostriatal neurons, we 
verified that viral expression was absent in adjacent brain structures. 

To quantify the depth distribution of opsin expression, we measured the dis- 
tance from each fluorescent cell soma to the pia as a fraction of total cortical 
thickness. To estimate the number of neurons affected by optogenetic manipula- 
tions, confocal stacks 50 tum in depth were acquired from alternate sections. The 
sections were registered using rigid registration maximizing the cross-correlation 
of fluorescence images of adjacent sections. The locations of ChR2- or Arch- 
expressing neurons were identified manually. Fibre tracks were identified with 
the help of electrolytic lesions and Dil labelling. Using the locations of the ends of 
the tracks, we estimated that processing resulted in approximately 10% shrinkage 
of the tissue. We estimated the location of the fibre tip during each inactivation 
session and counted the number of expressing neurons within 1 mm from the fibre 
at 35 sites illuminated with 5mW light. At 6 sites illuminated at 2.5mW we 
reduced the radius according to square root of the power to 0.7 mm. Excluding 
these sites from the analysis did not affect our conclusions (P = 0.036, linear 
regression of cell count and choice bias). As we only identified cells within a 50- 
jum stack every 200 um, our estimate of the total number of manipulated cells is 
four times this count. 
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Non-redundant coding of aversive odours in the 


main olfactory pathway 
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Many species are critically dependent on olfaction for survival. In 
the main olfactory system of mammals, odours are detected by 
sensory neurons that express a large repertoire of canonical odorant 
receptors and a much smaller repertoire of trace amine-associated 
receptors (TAARs)'*. Odours are encoded in a combinatorial fash- 
ion across glomeruli in the main olfactory bulb, with each glom- 
erulus corresponding to a specific receptor®’. The degree to which 
individual receptor genes contribute to odour perception is unclear. 
Here we show that genetic deletion of the olfactory Taar gene family, 
or even a single Taar gene (Taar4), eliminates the aversion that mice 
display to low concentrations of volatile amines and to the odour of 
predator urine. Our findings identify a role for the TAARs in olfac- 
tion, namely, in the high-sensitivity detection of innately aversive 
odours. In addition, our data reveal that aversive amines are repre- 
sented in a non-redundant fashion, and that individual main olfac- 
tory receptor genes can contribute substantially to odour perception. 

There are 15 Taar genes in the mouse, 14 of which are expressed in 
the main olfactory pathway and serve a chemosensory function’. All of 
the Taar genes are located in a single gene cluster on mouse chro- 
mosome 10 with no interspersed genes’ (Fig. 1a). To determine how 
the TAARs contribute to odour perception, we used in vivo trans- 
allelic recombination to generate a mouse strain (‘AT2-9’) in which 
all 14 olfactory Taar genes (from Taar2 through to Taar9) are deleted 
(Fig. 1a). Homozygous AT2-9 mice breed normally, show no apparent 
health issues or behavioural deficits, and exhibit the same weight and 
locomotor activity as wild-type littermates (Supplementary Fig. 1). 

To examine the functional consequences of removing the TAARs, 
we performed in vivo optical imaging of odour-evoked responses from 
glomeruli in the olfactory bulbs of anaesthetized mice. This was done 
by crossing AT2-9 mice to ‘OMP-spH’ mice in which the genetically 
encoded activity reporter synaptophluorin (spH) is expressed from the 
olfactory marker protein (Omp) locus and thus in all glomeruli’®. We 
compared odorant responses in AT2-9 homozygous mice with those 
in control mice that retain two intact Taar gene clusters. 

Glomeruli in the olfactory bulb receive axonal inputs from sensory 
neurons that express the same odorant receptor or Taar gene, and 
sensory neurons that express a majority of the TAARs project to a 
cluster of glomeruli in the dorsal-caudal olfactory bulb''”” (Fig. 1b). 
Consistent with our previous observations, low concentrations of 
structurally diverse amines robustly activated a small subset of dorsal 
glomeruli in control mice (Fig. 1c-e), and glomeruli with specific 
response profiles could be recognized across individual animals''”’. 
All of these high-sensitivity amine responses were abolished in homo- 
zygous AT2-9 mice, while responses to non-amine odorants persisted 
(Fig. 1c-e). These results demonstrate that all of the high-sensitivity 
amine responses derive from glomeruli corresponding to Taar genes. 

Urine is a rich source of amines that could be exploited for intra- and 
interspecific chemical communication. It has been reported that the urine 
of predator cats contains high concentrations of B-phenylethylamine 
(PEA), an odorant that specifically activates TAAR4 in cultured cells*"* 


and TAAR4-expressing olfactory sensory neurons'*. Using our in vivo 
imaging method, we observe that TAAR4 glomeruli are activated by PEA 
and by the volatiles from the urine of an adult puma (Fig. le). Responses 
to puma urine in the dorsal bulb were abolished in homozygous AT2-9 
mice (Fig. le). Therefore, the most sensitive amine/urine-responsive 
glomeruli in the dorsal bulb correspond to the TAARs. We note that it 
is possible that glomeruli outside our imaging area (in the ventral bulb) 
respond to amines at the concentrations tested. 

Many amines share a characteristic, offensive odour. In fact, two 
primary amines, PEA and isopentylamine (IPA), have been reported 
to elicit innate aversion in mice’*”*. We therefore tested whether the 
amines that activate TAAR glomeruli are aversive and whether the 
TAARs mediate this aversion. Wild-type, heterozygous and homo- 
zygous AT2-9 littermates (n = 504 mice) were tested in a two-chamber 
place preference assay where they could choose to occupy an odorized 
or a non-odorized compartment (Fig. 2a). Odorants were diluted in 
water and presented in partially enclosed dishes so that mice could 
smell the stimuli without direct contact with the odour source. Under 
these conditions, all mice strongly avoided the well-characterized aver- 
sive odorant trimethylthiazoline (TMT, 2% in water), which is derived 
from the anal gland of the red fox'*"’’. In contrast, negative control 
odours, water, ethyl vanillin and peanut butter oil, did not elicit aver- 
sion (Fig. 2b). 

Using this assay, we observe that wild-type and heterozygous AT2-9 
mice exhibit aversion to structurally diverse amines including PEA, 
IPA, N-methylpiperidine (NMP) and cadaverine (CAD) when tested 
at multiple concentrations. Notably, the aversion elicited by low con- 
centrations of amines was TAAR-dependent as it was abolished in 
homozygous AT2-9 mice (Fig. 2c). We note that concentrated amines 
(100% PEA and 10% IPA), which are highly pungent to humans, were 
aversive to mice regardless of genotype (Fig. 2c). Thus, mice are averse 
to certain amines, and aversion to low concentrations of amines is 
dependent on the TAARs. 

To determine whether the TAARs are required for aversion to 
natural stimuli that contain ethologically relevant concentrations of 
amines, we tested for avoidance of the odour of predator cat urine, 
which is enriched in PEA™. Wild-type and heterozygous AT2-9 mice 
were averse to puma urine. The aversion to urine was abolished in 
homozygous AT2-9 mice, which lack the olfactory TAARs (Fig. 2b, c). 
Taken together, the data indicate that the TAAR family is required for 
innate aversive responses to volatile amines at naturally occurring 
concentrations. 

Next, we examined the functional impact of removing a single Taar 
gene from the receptor repertoire. To do this, we used a gene-targeted 
mouse strain (AT4-YFP) in which the TAAR4 coding sequence is 
replaced with that of yellow fluorescent protein (YFP)''(Fig. 1a). 
TAAR4 responds selectively and robustly to PEA and urinary volatiles 
from predator cats when expressed in cultured cells and in native 
olfactory sensory neurons*’*"*. Using our in vivo imaging assay, we 
find that low concentrations of PEA or volatiles from puma urine 
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Figure 1 | Deleting the olfactory TAARs abolishes high-sensitivity amine 
and predator odour responses in the dorsal olfactory bulb. a, Diagram of the 
Taar gene cluster and targeted alleles. Olfactory Taars (black) and non- 
olfactory Taar1 (white) are shown (polygons reflect gene orientation). T4-RFP: 
the tau::mCherry marker (red) is inserted downstream of Taar4. AT4-YFP: the 
Taar4 coding sequence is replaced with Venus YFP (yellow). AT2-9: all 
olfactory TAAR genes are deleted and the Taar9 coding sequence is replaced 
with the odorant receptor $50 or CFP (cyan fluorescent protein; grey box; green 
triangle indicates loxP site; see Methods). WT, wild type. b, Dorsal view of the 
olfactory bulbs from a double heterozygous AT4-YFP;OMP-spH mouse in 
which all glomeruli express spH (green) and TAAR glomeruli are labelled 
(yellow). Anterior is up. Scale bar, 500 jum. c, Imaging of odour evoked activity 
in the olfactory bulbs of a heterozygous T4-RFP mouse (left panels) and a 
homozygous AT2-9 mouse (right panels). Top panels show resting spH 
fluorescence. Pseudocoloured panels show fluorescence changes in response to 
B-phenylethylamine (PEA; 2 nM vapour concentration, v.c.), isopentylamine 
(IPA; 24 nM v.c.) and cadaverine (CAD; 550 nM v.c.). Data are displayed as AF 
in arbitrary units (see Methods). Maximum response is 8.3% AF/F. 

d, Maximum response projection for amines or non-amines in a heterozygous 
T4-RFP mouse (left) and a homozygous AT2-9 mouse (right). Amine stimuli: 
PEA (2nM v.c.), IPA (24nM v.c.), CAD (550 nM v.c.), N-methylpiperidine 
(NMP; 7.5 UM v.c.) and trimethylamine (4 |1M v.c.). Non-amine stimuli: propyl 
acetate (19 uM v.c.), phenetole (860 nM v.c.), 2-heptanone (5.3 1M v.c.) and 
isopropyl tiglate (1.5 1M v.c.). Maximum response, 7.4% AF/F. e, Responses to 
urinary volatiles in heterozygous T4-RFP (top) and homozygous AT2-9 
(bottom) mice. Locations of red fluorescent protein (RFP)-labelled TAAR4 
glomeruli (top left) are indicated (arrowheads). SpH fluorescence is shown ina 
AT2-9 mouse (bottom left). Pseudocoloured panels show responses to puma 
urine (undiluted headspace vapour), NMP (150 nM v.c.) and propyl acetate 
(19 uM v.c.). Maximum response, 5.4% AF/F. 
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Figure 2 | Deletion of all olfactory Taar genes abolishes aversion to low 
concentrations of structurally diverse amines and predator urine. a, Video 
images of the behavioural testing chamber. Mice move between odorized (top) 
and non-odorized (bottom) compartments separated by a curtain. Blue traces 
show the location of the mouse during single three-minute trials. Panels 
represent three stages of one experiment—habituation to the chamber, 
exposure to water, and exposure to a test stimulus (odour or water). Aversion 
index = Timegdour — Timewater- b, Aversion index values for wild-type, 
heterozygous and homozygous AT2-9 cluster deletion mice (key in 

c). Odorants are 2% trimethylthiazoline (TMT), 0.5% ethyl vanillin (EV) and 
undiluted peanut butter oil (PB oil). Data are mean + s.e. (nm = 20-25 mice per 
genotype, per odorant). c, Aversion index values for PEA, IPA, NMP, CAD and 
puma urine. Concentrations are given as percentage dilution of pure odorant in 
water. Puma urine was undiluted. Data are mean + s.e. (n = 20-25 mice per 
genotype, per odorant). Statistical significances for pairwise comparisons are 
indicated: ‘a’, homozygous mice differ from wild type and heterozygous, ‘b’, 
homozygous mice differ from wild type (P < 0.05, generalized linear mixed 
model). Wild-type and heterozygous mice did not differ statistically for any 
odour, and the aversion response did not differ with sex (P = 0.669). 


preferentially activate TAAR4 glomeruli in the dorsal bulb (Fig. 3a). 
Genetic deletion of Taar4 specifically eliminated these high-sensitivity 
responses to PEA and puma urine volatiles without influencing the 
activation of neighbouring glomeruli by other amines (Fig. 3a). 

To determine whether behavioural aversion to PEA and predator 
urine is mediated by TAAR4, we tested wild-type, heterozygous and 
homozygous AT4-YFP littermates (n = 245 mice) in the two-chamber 
place preference test described above (Fig. 2a). As expected, wild-type 
and heterozygous AT4-YFP mice exhibited robust aversion to low 
concentrations of PEA, IPA and NMP, as well as to urine from two 
predator species, puma and Canadian lynx. In contrast, homozygous 
AT4-YFP mice (which lack TAAR4) exhibited no avoidance of PEA 
or predator urine odours (Fig. 3b). The loss of aversion was odour- 
specific, as homozygous AT4-YFP mice still avoided IPA and NMP, 
amines that activate other TAAR glomeruli (Fig. 3b). Thus, removing a 
single Taar gene, Taar4, abolishes aversion to PEA and urinary volatiles. 

Taken together, our data reveal that the Taar gene family contributes 
significantly to the perception of amines in mice. Moreover, the aversive 
quality of amines and predator urine is encoded in the olfactory system 
ina non-redundant manner, because removal of even a single Taar gene 
can have a significant impact on the aversive response. The vomerona- 
sal system of mice mediates innate avoidance of proteins found in the 
urine of predator species'*””, a process that may require direct contact 
with the stimulus. The TAARs may contribute to predator avoidance 
over longer distances by mediating aversion to trace concentrations of 
urinary volatiles. In this regard, it is interesting to note that the response 
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Figure 3 | Deletion of a single Taar gene abolishes aversion to a specific 
amine and to natural predator odours. a, In vivo imaging of the left 
caudomedial olfactory bulb in a heterozygous T4-RFP mouse and a 
homozygous AT4-YFP mouse (anterior is up, medial is right). TAAR4 
glomeruli are labelled in T4-RFP mice (top left panel, red) and their locations 
are indicated with arrowheads in subsequent panels. All dorsal TAAR 
glomeruli, except for those corresponding to the deleted Taar4 gene, are 
labelled in homozygous AT4-YFP mice (top right panel, yellow)". 
Pseudocoloured panels show odour-evoked fluorescence changes in response 
to PEA (2nM v.c.), IPA (24nM v.c.), NMP (150 nM v.c.) and puma urine 
(undiluted headspace vapour). Response maps are displayed as AF in arbitrary 
units (see Methods). Maximum response, 7.5% AF/F. b, Aversion index values 
for wild-type, heterozygous and homozygous AT4-YFP mice. Negative values 
indicate avoidance. Odorants are PEA, IPA, NMP, puma urine and Canadian 
lynx urine. Concentrations given as percentage dilution of pure odorant in 
water. Predator urines were undiluted. Data are mean + s.e. (n = 20-25 mice 
per genotype, per odorant). Statistical significances for pairwise comparisons: 
‘a’, homozygous mice differ from both wild-type and heterozygous mice 

(P < 0.05, generalized linear mixed model). Wild-type and heterozygous mice 
did not differ statistically for any odour, and the aversion response did not differ 
with sex (P = 0.639). 


Puma 
(urinary volatiles) 


thresholds of TAAR4 sensory neurons and glomeruli to the aversive 
predator cue, PEA, are the lowest so far observed in the main olfactory 
system”. 

We note that the TAARs may not function solely as detectors of 
predator-derived and aversive odours. Although we show that mouse 
TAARs contribute to the detection and avoidance of several aversive 
amines, recent data indicate that TAAR5 mediates attraction to its 
preferred ligand, trimethylamine—a socially relevant metabolite that 
is enriched in male mouse urine*’. However, it should be noted that 
this amine elicits robust aversion in rats. The TAAR repertoire is also 
evolutionarily retained in many vertebrate species, including humans*” 
Apart from their role in aversion or attraction, our view is that the 
TAARs are retained in many species because they are required more 
generally for high-sensitivity amine detection. The behavioural response 
to this input may be context and species specific. 

It is generally thought that odour representations in the main olfact- 
ory bulb are highly distributed and redundant, with each input channel 
(glomerulus) making a small contribution to the representation of a 
given odour’'. In this view, single receptor deletions should have little 
effect at the level of behaviour. Behavioural deficits have been induced 
by the genetic removal of receptors in specialized olfactory pathways. 
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Mutant mice lacking a subset of vomeronasal receptors, which map to 
the accessory olfactory bulb, display deficits in aggression and mating”. 
Mice lacking the gene for guanylyl cyclase D, which is expressed in 
sensory neurons that project to atypical necklace glomeruli, show def- 
icits in social transmission of food preference**”*. In contrast, the 
TAARs are mapped to a subset of the ~2,000 typical main olfactory 
bulb glomeruli that are thought to represent odorants in a combinator- 
ial fashion. In spite of this, removal of even a single TAAR results in a 
measurable deficit in odour-guided behaviour. Our data suggest that 
the representations of general odours in the main olfactory system may 
be less redundant than previously thought, a fact that may shed light on 
how vertebrates retain large numbers of chemosensory receptor genes 
over evolutionary time. 


METHODS SUMMARY 


All procedures were approved by the Northwestern University Animal Care and 
Use Committee. Generation of the AT2-9°°°, T4-RFP and AT4-YFP alleles was 
previously described"'. The TAAR cluster deletion allele AT2-9“ was similarly 
generated by in vivo Cre-mediated trans-allelic recombination''”. Imaging of 
odour-evoked activity from the olfactory bulbs was performed as previously 
described with some modifications'*"’. Recordings were made from 8 to 12 week- 
old male and female heterozygous OMP-spH mice that were heterozygous for the 
T4-RFP allele (n = 13), homozygous for the AT2-9°™ allele (n = 9), or homozygous 
for the AT4-YFP allele (n = 4). Data are expressed as AF to account for the properties 
of the resting spH fluorescence’®”®. Response images are averages of two or more 
trials, or the first trial in cases where significant adaptation was observed. 

Aversion was assessed in 5-7-week-old male and female F; mice from hetero- 
zygous crosses. A total of 504 AT2-9°'? and 238 AT4-YFP mice were used for 
1,138 experiments (20-25 mice of each genotype for each odour). The assay was 
similar to that used in previous studies'*’* and was performed under dim red light. 
A curtain divided the cage into odorized (1/3) and non-odorized (2/3) chambers. 
After two days of habituation to the experimental protocol (with no odour), mice 
were re-habituated to the chamber for 3 min, exposed to a water stimulus for 
3 min, and then to the test stimulus for 3 min. The location of the mouse was 
tracked using Limelight 3.0 software (Actimetrics). The aversion index was calcu- 
lated as the difference between the times spent in the odorized chamber with an 
odorant as a stimulus and with water as a stimulus. Data were analysed with a 
generalized linear mixed model with genotype, odour and sex as fixed factors anda 
random-subjects factor using SPSS (IBM). Pairwise contrasts were used to com- 
pare genotypes for each odour with a least-square-differences adjustment for 
multiple comparisons. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Gene targeting. The TAAR cluster deletion allele AT2-9~"" was generated by Cre- 
mediated trans-allelic recombination in vivo”. We used two targeted alleles that 
introduce loxP sites into the 5’ and 3’ ends of the cluster—au1::Taar1-loxP-IRES- 
tau:: Venus (aT1-YFP) in which a loxP site is inserted just downstream of the Taar1 
coding sequence, and Cerulean— Taar9-loxP (AT9-CFP) in which the Taar9 cod- 
ing sequence is replaced with that of Cerulean CFP followed by loxP. An HPRT-Cre 
strain (129S1/Sv-Hprt"™!“"""/J; Jax 004302; ref. 27) was used to mediate recom- 
bination in aT1-YFP/AT9-CFP compound heterozygotes as described’’. 

In vivo imaging. For glomerular imaging, mice were anaesthetized with sodium 
pentobarbital as described'', or with urethane (1 gkg ’ i-p.; Sigma) and chlor- 
prothixene hydrochloride (10 mg kg” '), and given atropine sulphate (5.4 mgkg”'; 
Med-Pharmex). The bone overlying the bulbs was thinned using a dental drill. 
Glomeruli were imaged using a custom Nikon epifluorescence microscope and a 
4X (0.2 NA) objective. Light excitation was provided using a 200 W metal-halide 
lamp (Prior Scientific) attenuated by neutral density filters and standard filter sets 
for mCherry (49008; Chroma), YFP (86001 JP3, Chroma), or green fluorescent 
protein (GFP) (96343, Nikon). 

Odorants were applied using a custom-made, flow dilution olfactometer and 

controller (LASOM, RPMetrix). Amines were diluted in water and subsequently 
by flow dilution. Predator urine volatiles were applied from the undiluted head- 
space concentration. Images were acquired at 25 Hz over 20 s (encompassing a 4s 
pre-stimulus period and a 4s odorant pulse) using a NeuroCCD-SM256 camera 
and Neuroplex software (RedShirtImaging). Blank trials were subtracted from 
odour trials before analysis to compensate for photobleaching. Response maps 
were obtained by subtracting a 3 s temporal average preceding the stimulus from a 
3 s temporal average encompassing the response peak. Responses are expressed as 
AF to account for the fact that the background spH fluorescence is not correlated 
with the pool of indicator that reports neuronal activity'®”°. Stimuli were presented 
at least twice in a given experiment. Images were processed and analysed in 
Neuroplex (RedShirtImaging) and Image J (http://imagej.nih.gov/ij) software. 
Vapour concentrations were estimated using published vapour pressures (US 
EPA, Estimation Programs Interface Suite, v 4.0). 
Behavioural analysis. AT4-YFP and AT2-9“* littermates were housed in same- 
sex groups of 2-5 individuals. All animals were maintained in a reverse 12/12h 
light-dark cycle and provided with food and water ad libitum. Cages were changed 
daily to prevent adaptation to amines that are present in mouse urine. Mice of all 
genotypes were tested between 5 and 7 weeks of age under low intensity red light 
during the nocturnal phase. 

The experimental protocol consisted of three parts: handling (2 days), pre-trials 
(2 days) and experimental trials (1-3 days). Handling habituated the mice to 
the experimenter and consisted of placing each mouse individually onto the 


CFP 


experimenter’s cupped, gloved hands for five minutes and allowing them to roam 
this small area freely. Pre-trials were identical to experimental trials (see below) 
except that no odorants were used. Pre-trials functioned to eliminate the novelty of 
the odour delivery and experimental chamber. Experiments were performed in 
clean, autoclaved 30 X 18 X 12cm cages. A disposable curtain isolated one-third 
of the cage with minimal air transfer between sections. This smaller section, or 
‘odorized’ compartment, was topped with a thin piece of clear acrylic, which 
functioned to minimize the loss of odour. Each mouse was introduced to the larger 
section of the cage and allowed to habituate for 3 min. At the end of this time 
period, a 3.5cm covered Petri dish containing 20 ul of water on filter paper was 
introduced to the odorized compartment. The top of the Petri dish was perforated 
to allow odorants to escape, but to prevent direct contact with the stimulus. Mice 
were allowed to interact with this Petri dish for 3 min. The Petri dish was then 
removed and another identical Petri dish with 20 ul of an odorant on filter paper 
was added. The experiment was terminated after another 3 min. 

The acrylic top was cleaned with 70% isopropyl alcohol and the cages were 
washed and autoclaved. The mice were video recorded and their location tracked 
using Limelight 3.0 software (Actimetrics). The aversion index was calculated as 
the difference between the time spent in the odorized chamber when an odour (or 
water) was present and the time spent in the odorized chamber when water was 
present. Data from mice that showed a very strong preference for either chamber 
(those that spent <2% or >98% of the trial duration in the odorized chamber) 
during the initial water trial were discarded. 

Mice were naive to each stimulus and were tested only once for a given odour. 
Monomolecular stimuli consisted of three control odorants, water, trimethylthia- 
zoline (2% in water) and a saturated solution of ethyl vanillin (0.5% w/v, in water), 
as well as 4 amines that activate TAAR glomeruli, B-phenylethylamine (100%, 
10%, 0.5% and 0.005%), isopentylamine (10% and 0.5%), N-methylpiperidine 
(2%) and cadaverine (10%). Complex odorants were undiluted peanut butter 
oil, puma urine (from Puma concolor) and lynx urine (from Lynx canadensis). 
Predator urines were collected at the Philadelphia Zoo, shipped frozen and stored 
at —80 °C. Odour concentrations represent what was placed in the Petri dish and 
are expressed as percent dilution in water. The saturated vapour concentrations 
(maximum possible odorant concentration) for the stimuli are as follows: 100% 
phenylethylamine = 22 1M; 10% isopentylamine = 243 1M; 10% cadaverine = 
5 uM; 2% N-methylpiperidine = 30 1M. The actual stimulus concentrations in 
the odorized chamber are probably much lower than these theoretical maxima. 
We note that the concentrations in the behavioural and imaging experiments are 
difficult to compare given the differences in odour presentation methods. 


27. Tang,S.H., Silva, F.J., Tsark, W.M. & Mann, J. R. A cre/loxP-deleter transgenic line 
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Semaphorin 3A (Sema3A) is a diffusible axonal chemorepellent that 
has an important role in axon guidance’*. Previous studies have 
demonstrated that Sema3a_‘~ mice have multiple developmental 
defects due to abnormal neuronal innervations®’. Here we show in 
mice that Sema3A is abundantly expressed in bone, and cell-based 
assays showed that Sema3A affected osteoblast differentiation in a 
cell-autonomous fashion. Accordingly, Sema3a_‘~ mice had a low 
bone mass due to decreased bone formation. However, osteoblast- 
specific Sema3A-deficient mice (Sema3aco,_/~ and Sema3a,,,_'~ mice) 
had normal bone mass, even though the expression of Sema3A in 
bone was substantially decreased. In contrast, mice lacking Sema3A 
in neurons (Sema3agmapsin ~ and Sema3anestin ’ mice) had low bone 
mass, similar to Sema3a_‘~ mice, indicating that neuron-derived 
Sema3A is responsible for the observed bone abnormalities inde- 
pendent of the local effect of Sema3A in bone. Indeed, the number of 
sensory innervations of trabecular bone was significantly decreased 
in Sema3a,napsin ___Mice, whereas sympathetic innervations of 
trabecular bone were unchanged. Moreover, ablating sensory nerves 
decreased bone mass in wild-type mice, whereas it did not reduce 
the low bone mass in Sema3apestin mice further, supporting the 
essential role of the sensory nervous system in normal bone home- 
ostasis. Finally, neuronal abnormalities in Sema3a_'~ mice, such as 
olfactory development, were identified in Sema3agynasin | ~ mice, 
demonstrating that neuron-derived Sema3A contributes to the 
abnormal neural development seen in Sema3a”‘~ mice, and indicating 
that Sema3A produced in neurons regulates neural development 
in an autocrine manner. This study demonstrates that Sema3A 
regulates bone remodelling indirectly by modulating sensory nerve 
development, but not directly by acting on osteoblasts. 

Sema3A, the first member to be identified from the large sema- 
phorin family, is a well-known chemorepellent'**. Sema3A, which is 
secreted from target tissue, forms steep gradients and causes the 
inhibition of axonal outgrowth and cell migration in a concentra- 
tion-dependent manner*”. This repulsive signal is essential for neural 
development’. Indeed, Sema3a_'~ mice have several neuronal defects, 
including abnormalities in the cerebral cortex, olfactory system and 
axon projections of dorsal root ganglia (DRG) neurons**. More recently, 
Sema3A has been implicated in additional physiological functions, 
such as immunoregulation, angiogenesis and cancer development*”””. 
Osteoblasts and osteoclasts express semaphorin family proteins, and 
recent reports suggested that these proteins regulate bone remodelling 
locally by acting as paracrine signalling molecules'*'*. To address the 
role of Sema3A in bone remodelling, we first analysed the expression in 
bone of: Sema3a; Nrp1, encoding a Sema3A receptor; and Plxnal, 2, 3 
and 4, encoding Sema3A co-receptors'. Sema3a was ubiquitously 


expressed in many tissues including bone (Fig. la), indicating its 
diverse physiological action. The expression of Sema3a increased during 
osteoblast differentiation (Fig. 1b) and decreased during osteoclast 
differentiation (Fig. 1c). Plxnal, 2 and 3 and Nrp1 were expressed in 
osteoblasts (Fig. 1d and Supplementary Fig. 1), indicating that Sema3A 
may have a role in osteoblast differentiation. Therefore, we analysed 
Sema3a_'~ mice.Sema3a ‘~ mice showed a 25% decrease in bone mass 
due to a decrease in bone formation without an overt change in bone 
resorption at 3, 6 and 12 months of age, although a non-significant increase 
was observed in a serum bone resorption marker (Fig. le-g and Sup- 
plementary Figs 2b, 3), demonstrating that Sema3A accelerates bone 
formation. To determine whether the defect in bone formation in 
Sema3a_'~ mice was cell autonomous, we isolated osteoblasts from wild- 
type and Sema3a_'~ mice. In accordance with in vivo observations, 
Sema3a_'~ osteoblasts showed a defect in differentiation, as observed 
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Figure 1 | Sema3a ‘~ mice have low bone mass. a-d, Gene expression 
analysis of Sema3a (a-c) and its receptor (d) (n = 4). e-g, Analysis of 
Sema3a_'‘~ mice. Microcomputed tomography (micro-CT) analysis 

(e), histological analysis (f, g) in 3-month-old mice (male, n = 8 for 
Sema3a*'*,n = 6 for Sema3a‘’, n = 10 for Sema3a /~ ). Bone volume/tissue 
volume (BV/TV; %), mineral apposition rate (MAR; mm yr’), bone formation 
rate/bone surface (BFR/BS; mm? mm 7 yr’), osteoclast number/bone 
perimeter (No. Oc./B. Pm) and osteoblast surface/bone surface (Ob. S/BS; %). 
Note a decrease of bone mass in Sema3a ‘~ mice. Scale bars, 500 pum. Error 
bars, mean + standard deviation (s.d.). *P < 0.05. 
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by a decrease in alkaline phosphatase activity and the expression of 
osteoblast markers (Supplementary Fig. 2c). We next determined whether 
treatment with Sema3A affected osteoblast and osteoclast differentiation 
and proliferation. Sema3A accelerated osteoblastic differentiation when 
added exogenously in culture media (Supplementary Fig. 2d). The 
knockdown of Sema3a in osteoblasts hampered their differentiation, 
and treatment with Sema3A rescued the defects in osteoblast differentiation 
in Sema3a knocked-down osteoblasts (Supplementary Fig. 2e). The 
expression of a dominant-negative form of Racl inhibited Sema3A- 
dependent osteoblast differentiation (Supplementary Fig. 2f), which 
indicates that Sema3A regulates osteoblast differentiation through the 
activation of Racl, a signalling molecule required for the action of 
Sema3A on the collapse of the growth cone’®. Sema3A treatment did 
not affect osteoblast proliferation (Supplementary Fig. 4). By contrast, 
the treatment of osteoclast precursors with Sema3A caused a decrease 
in osteoclast differentiation, as shown by a decrease in the number of 
multinucleated TRAP-positive osteoclasts and the expression of osteoclast 
marker genes, such as cathepsin K (Supplementary Fig. 2g). These results 
suggested that Sema3A functions in an autocrine fashion to stimulate 
osteoblast differentiation and inhibit osteoclast differentiation, thereby 
increasing bone mass. 

To determine whether Sema3A affected bone metabolism in an auto- 
crine manner in vivo, we generated osteoblast-specific Sema3A-deficient 
mice using %1(I)-Cre mice (Sema3deo,/~ mice)!”. Sema3aco1_/ mice 
developed normally without any gross abnormality. The expression of 
Sema3a in the bones of Sema3,9, ' mice was decreased (Supplemen- 
tary Fig. 5a), and the osteoblasts isolated from Sema3a¢o11 ~~ mice showed 
a defect in osteoblast differentiation in vitro (Supplementary Fig. 5b, c), 
as observed for Sema3a ‘~ osteoblasts isolated from Sema3a '~ mice 
(Supplementary Fig. 2c). However, Sema3a,o1 1 /~ mice had normal 
bone formation and bone mass (Fig. 2a~c and Supplementary Fig. 5d). 
Moreover, another osteoblast-specific knockout mouse created using 
the osx-Cre mouse’®, which deletes Sema3A in early osteoprogenitors, 
did not develop any bone abnormalities (Sema3dgcx ’ mice) (Supplemen- 
tary Fig. 5e). Taken together, these results indicate that the lack of 
Sema3A in osteoblasts is not the sole cause of bone abnormalities in 
Sema3a ‘~ mice. 

Bone remodelling has been shown to be regulated by the central and 
peripheral nervous systems’’. Thus, we examined the necessity of neuron- 
derived Sema3A in the maintenance of normal bone mass by deleting 
Sema3A in neurons using synapsin-I-Cre mice” or nestin-Cre mice” 
(Sema3asmapsin ~ and Sema3anestin ’ mice, respectively). Sema3Asynapsin 7 
and Sema3Gnestin ’ mice developed normally without any growth 
retardation or perinatal lethality, which were observed in Sema3a /~ 
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Figure 2 | Osteoblast-derived Sema3A does not affect bone mass in vivo. 
a-c, Analysis of osteoblast-specific Sema3A-knockout mice. a, Micro-CT 
analysis of the femurs of 3-month-old Sema34a,o1 ~~ mice and their littermates 
(male, n = 7). b, c, Histological analyses of vertebrae (male, n = 7). Note an 
absence of bone abnormalities in Sema3a¢o11_/ mice. Scale bars, 500 pum. Error 
bars, mean = s.d. 
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mice’. Surprisingly, Sema3Agynapsin ~ and Sema3dnestin ’ mice showed 
significant reductions in bone mass in both males and females, in both 
vertebrae and long bones, and in both trabecular and cortical bones; 
that is, in all of the bones in the entire body at any stages analysed 
(Fig. 3b-d and Supplementary Figs 6, 7b-d, f-h). This low bone mass 
phenotype was accompanied by decreased bone formation and osteo- 
blast differentiation in vivo (Fig. 3d, e). Sema3dsynapsin primary 
osteoblasts did not show overt abnormalities in osteoblast differentiation 
in vitro (Supplementary Fig. 8a, b), whereas Sema3Anestin | primary 
osteoblasts exhibited a defect (Supplementary Fig. 8c, d), indicating a 
decreased differentiation state of the osteoblast precursors, some of 
which are known to be nestin positive”. Interestingly, expression of 
Sema3a in the bones of Sema3agynapsin ~ mice was decreased (Fig. 3a), 
suggesting that neurons in the bones are responsible for a substantial 
amount of Sema3A expression. Sema3asynapsin and Sema3anestin | 
mice showed a decrease in bone mass (Fig. 3b-d and Supplementary 
Figs 6a, b, 7b-d, f-h) whereas Sema3aco,_/ mice had normal bone 
mass (Fig. 2a—c and Supplementary Fig. 5d) in the presence of compar- 
able decreases in the expression of Sema3a in bones in Sema3aco | > 
Sema3agnapsin ~ and Sema3anestin mice (Fig. 3a and Supplemen- 
tary Figs 5a, 7a). This indicated that the decreased expression of Sema3a 
in bone was not the cause of the bone abnormality. In line with this 
observation, Sema3a‘'~ mice, in which the expression of Sema3a in 
bone was decreased to a similar extent to in Sema3aq/, Sema3asmapsin | - 
and Sema3A nestin mice (Fig. 3a and Supplementary Figs 2a, 7a), 
had normal bone mass (Fig. Le, f). 

Because Sema3A is a well-known axon guidance molecule, espe- 
cially as a chemorepellent, we tested whether the development of the 
nervous system was affected in Sema3asynapsin ~ and Sema3Gnestin | 
mice. Surprisingly, nerve innervations were significantly decreased in 
the bones of both mice, as shown by a decrease in neurofilament- 
positive fibres (Fig. 4a and Supplementary Figs 9, 10). Dopamine 
B-hydroxylase (DBH)-positive sympathetic nerve fibres, which inhibit 
bone mass accrual", were not significantly affected (Fig. 4b and Sup- 
plementary Fig. 10), and these fibres did not colocalize with neurofilament- 
positive fibres (Supplementary Fig. 11b). Neurofilament-positive fibres 
in bone are considered to be calcitonin-gene-related peptide (CGRP)- 
positive sensory fibres”*, and indeed, CGRP-positive and transient 
receptor potential cation channel subfamily V member 1 (TRPV1)- 
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Figure 3 | Neuron-derived Sema3A is indispensable for normal bone mass 
in vivo. a-e, Sema3A was conditionally inactivated in neurons using 
synapsin-I-Cre mice (Sema3agynapsin | ~ mice) at 3 months. a, Quantitative 
real-time PCR analysis (male, n = 4). Note a significant decrease of Sema3a 
expression in Sema3asynapsin ~ mouse femurs. b-d, Micro-CT analysis of 
femurs (b) or histological analyses of vertebrae (c, d) from Sema3asynapsin- 
mice (male, n = 8 for Sema3a“, n = 6 for Sema3Asynapsin ~). Note a decrease 
of bone mass in Sema3asynapsin mice. Scale bars, 500 um. e, Expression of 
bone marker genes in femurs (male, n = 4). Note a decrease in osteoblast 
differentiation in Sema3Asynapsin mice. Error bars, mean + s.d. *P < 0.05, 
**PD< 0.01. 
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Sema3anestin ' mice (Fig. 4c and Supplementary Figs 9c, 10, 11a), and 
both CGRP- and TRPV1-postive fibres were also neurofilament positive 
(Supplementary Fig. 11b). In addition, the innervation of these fibres 
into cortical bone was also reduced (Supplementary Fig. 11c), demon- 
strating that the projections of peripheral nerve fibres into bone tissue 
are uniformly decreased, in agreement with all of the bones being 
affected in Sema3Aynapsin ~ and Sema3anestin ’ mice. To examine 
rigorously disturbances in nerve innervation in Sema3dgynapsin | ~ and 
Sema3Anestin ’ Mice, we performed three different experiments. First, 
Sema3agynapsin and Sema3dnestin ’ mice were intercrossed with 
Sox10-Venus mice, which express Venus fluorescent protein under the 
control of a Sox10 promoter”*. Venus-positive sensory nerve innervation 
was significantly decreased in Sema3agnapsin | ~ and Sema3dnestin 
mice (Supplementary Fig. 12). Second, the retrograde fluorescent tracer, 
Fluoro-Gold, was injected into the bone marrow of Sema3dgynapsin ~~ and 
Sema3Anestin ’ Mice, resulting in fewer neurons being labelled in the 
DRG (Supplementary Fig. 13). Last, sensory evaluation revealed that 
Sema3agynapsin | ~ and Sema3anestin ’ mice were anaesthetic to all of 
the tested stimuli, indicating functional sensory deficits in these mice 
(Supplementary Fig. 14). Taken together, these results demonstrated the 
disruption of nerve innervation in Sema3asnapsin and Sema3anestin 
mice. Importantly, a longitudinal analysis showed that bone mass and 
nerve innervation into bone were decreased at all analysed time points in 
Sema3asnapsin | and Sema3dnestin ' mice (that is, from embryo to 3 
months old; Figs 3b-d, 4a, c and Supplementary Figs 6a, b, 7b-d, fh, 15), 
which further indicated that bone mass accrual during development 
required normal nerve innervation into bone. 

We also confirmed that the projections of CGRP-positive sensory 
fibres into bone were similarly decreased in Sema3a _‘~ mice (Fig. 4c), 
whereas DBH-positive sympathetic nerve fibres were unaffected 
(Fig. 4b). By contrast, the projections of peripheral nerve fibres into 
bone tissues were not affected in Sema3dco1,_/~5 Sema3Agsx' OF 
Sema3a*'~ mice (Supplementary Fig. 16), which had normal bone 
mass, indicating that the abnormal projections of sensory fibres, not 
the expression of Sema3A in bone, are responsible for the bone abnor- 
malities in Sema3a /~, Sema3Asynapsin and Sema3anestin ' mice. 
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Figure 4 | Neuron-derived Sema3A is indispensable for sensory nerve 
innervation into bone. a-c, Longitudinal section of tibiae from Sema3a '", 
Sema3asynapsin and control mice at postnatal day 3 (n = 3), immunostained 
for neurofilament (a, red), DBH (b, green) or CGRP (c, green) fibres 
(arrowheads). Representative pictures are shown from at least three separate 
experiments. Note a decrease of nerve innervation in Sema3a '~ or 
Sema3Asynapsin mice (a, c). Scale bars, 100 um. 
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To address formally the causal relationship between abnormal sensory 
development and low bone mass, we intercrossed Sema3A-floxed mice 
with nestin-CreERT mice” expressing a tamoxifen-inducible Cre recom- 
binase under the control of a nestin promoter, and injected tamoxifen 
after birth to bypass the effect of Sema3A on sensory nervous system 
development (Sema3nestin’ ‘ mice). Tamoxifen treatment did 
not significantly affect nerve innervation or bone mass accrual in 
Sema3Anestin ’ mice, which indicated that Sema3A expression 
during development before birth is essential for nerve innervation 
(Supplementary Fig. 17)—a prerequisite for normal bone mass accrual. 
Second, wild-type mice treated with capsaicin lost bone mass and 
showed decreased sensory innervation” (Supplementary Fig. 18). However, 
Sema3Anestin ’ mice, which had diminished bone mass and sensory 
innervation in the absence of capsaicin treatment (Supplementary Figs 
7b-d, f-h, 9, 11a), did not exhibit a further loss in bone mass with 
capsaicin treatment (Supplementary Fig. 18). Collectively, these results 
suggested that abnormal development of the sensory nervous system 
or disruption of the capsaicin-sensitive TRPV 1-positive sensory nerves 
led to low bone mass. Moreover, Sema3agnapsin and Sema3anestin 
mice also showed reduced bone regeneration and defective nerve 
innervation into newly synthesized bone after femoral bone marrow 
ablation (Supplementary Fig. 19), indicating that Sema3A also parti- 
cipated in bone modelling in adult mice via the modulation of nerve 
innervation. 

To investigate the role of the Sema3A signalling pathway in nerve 
innervation in bone, we analysed Plxna4 *— mice’. Plxna4”’~ mice 
developed a low bone mass phenotype and showed decreased nerve 
innervation in bone (Supplementary Fig. 20), reminiscent of the 
SEMA3Asynapsin ~~ and Sema3anestin ’ mice phenotypes. These results 
suggested that the Sema3A-Plxna4 pathway is important for nerve 
innervation in bone. 

We next determined whether other neuronal abnormalities in Sema3a_‘~ 
mice were also observed in Sema3agynapsin mice. The abnormal 
development of the olfactory system and spinal cord®, reduced thick- 
ness of the cerebral cortex®, and altered pattern of sympathetic innerva- 
tion in the heart?* that are characteristics of Sema3a_‘~ mice were 
identified in Sema3asnapsin ~ mice (Supplementary Fig. 21). These 
results suggested that, in vivo, neuron-derived Sema3A contributes to 
normal nervous system development; that is, Sema3A works as an 
autocrine factor for neuronal development. 

We demonstrate that neuron-derived Sema3A regulates bone 
remodelling through the modulation of sensory nerve projections into 
bone. A potential direct action of Sema3A on osteoblasts has been 
suggested recently using global Sema3A knockout mice and a supra- 
physiological dose of Sema3A (ref. 13). However, given the absence 
of bone abnormalities in Sema3a.o / and Sema3dgsx ‘mice, 
Sema3A must physiologically regulate bone metabolism primarily 
through the modulation of sensory nerve innervation, in vivo, 
although this does not rule out the possibility that osteoblast-derived 
Sema3A has a role in bone metabolism’. 

Although Sema3A has strong inhibitory effects on axonal elonga- 
tion in vitro when added exogenously’, we demonstrated that Sema3A, 
which is produced in neurons, is indispensable in the normal develop- 
ment of peripheral neurons in vivo. The co-expression of Npn1 and 
Sema3A in motor neurons regulates axon sensitivity to environmental 
Sema3A sources during motor axon pathfinding”’. Given that Sema3A 
is expressed in DRG sensory nerves (Supplementary Fig. 22) and that 
Sema3Asynapsin ~ mnice exhibit phenotypic similarities with Sema3a /— 
mice (Supplementary Fig. 21), Sema3A expression in neurons may bea 
fundamental component of proper neural development. 

This is, to our knowledge, the first study to demonstrate that sensory 
nerves have an essential role in bone remodelling. The sympathetic 
nervous system is known to inhibit bone mass accrual, yet a ‘sensing’ 
system is required to achieve bone homeostasis. Therefore, an intriguing 
question is whether any interaction exists between ‘osteo-anabolic’ 
afferent sensory nerves and ‘osteo-catabolic’ efferent sympathetic nerves. 


©2013 Macmillan Publishers Limited. All rights reserved 


Clinically, familial dysautonomia patients, who are characterized by 
the loss of unmyelinated axons including sensory nerves, suffer from 
osteoporosis®, supporting the importance of sensory nerves in bone 
homeostasis. Further studies are necessary to determine whether other 
bone degenerative diseases, including osteoporosis, involve a loss of 
sensory nervous system integrity. 


METHODS SUMMARY 


To delete Sema3A in osteoblasts and neurons, we mated Sema3A-floxed mice’ 
with «1(I)-Cre’” mice or osx-Cre'* mice, or synapsin-I-Cre” mice or nestin-Cre”! 
mice. Histomorphometry and microcomputed tomography analysis were per- 
formed as previously described. Primary osteoblasts and osteoclasts were cultured 
as previously described. Fluorescent immunohistochemistry was performed as 
previously described. Detailed experimental information is described in Methods. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Animals. Sema3A-knockout mice (RBRC01104) and floxed Sema3A mice (RBRC01106) 
were provided by RIKEN BRC. Transgenic mice expressing Cre recombinase 
under the control of the «1(I)-collagen promoter (coll-Cre)’’, osterix promoter 
(osx-Cre)"*, synapsin I promoter (synapsin-I-Cre)”° and nestin promoter (nestin- 
Cre)*!, were mated with floxed mice to obtain conditional knockout mice. nestin- 
CreERT mice were described previously”. For neonatal activation of CreERT, 
83.5 mgkg ' tamoxifen (Sigma) in corn oil (Sigma) was intraperitoneally injected 
into lactating mothers once a day for five consecutive days from the day of delivery. 
For histological experiments, corn-oil-treated mice were used as controls. At 8 weeks, 
mice were subjected to histological experiments. For capsaicin treatment, mice 
were deprived of drinking water for 6h before capsaicin injection to prevent 
pulmonary oedema. Capsaicin (Sigma) and vehicle (10:10:80 (v/v) of Tween-80, 
ethanol, saline) were freshly prepared each time, capsaicin was sonicated in vehicle 
until homogenously suspended, and mice were injected subcutaneously above the 
dorsal spine. Four-week-old mice received two rounds of capsaicin or vehicle 
treatment. In each round, mice received daily injections for three consecutive days 
(10 mgkg! on days 1 and 2, and 15 mgkg_' on day 3), and each round was seven 
days apart. At 8 weeks, mice were subjected to histological experiments. To obtain 
Sema3Anestin ~;Sox10-Venus transgenic mice, Sema3Anestir! *;Sox10-Venus 
mice’ were mated with Sema3a” mice. Plxna4‘~ mice were previously 
described”. 

We maintained all the mice under a 12 h light-dark cycle with ad libitum access 
to regular food and water, unless specified. All animal experiments were per- 
formed with the approval of the Animal Study Committee of Keio university 
school of medicine and conformed to relevant guidelines and laws. 

Cell culture. In vitro primary osteoblast cultures were established as previously 
described*'’. Briefly, calvarial osteoblast cells were isolated from 4-day-old mice 
by enzymatic digestion in o-minimal essential medium (¢-MEM) with 0.5 mg ml! 
collagenase-P (Roche) and 0.05% trypsin. For osteoblastic differentiation, cells 
(3 X 10* cells per cm?) were cultured in osteogenic medium (0.1 mg ml! ascorbic 
acid, 10 mM B-glycerophosphate). Medium was changed every 2 days. After 7 days, 
osteoblastic differentiation was confirmed by the measurement of ALP activity and 
expression of osteoblastic marker genes. Results are representative of more than 
four individual experiments. The murine preosteoblast cell line MC3T3-E1 was 
cultured in &-MEM. Cells were seeded (3 X 10* cells per cm?) and treated with 
osteogenic medium with or without recombinant mouse Sema3A Fc chimaera 
(R&D systems). Medium was changed every 2 days. After 7 days, ALP measure- 
ment was performed. Results are representative of more than four individual 
experiments. In vitro osteoclast differentiation was accomplished as previously 
described**. Briefly, bone marrow cells (3 x 10° cells per cm’) of 6- to 8-week- 
old mouse femurs were cultured in %-MEM supplemented with FBS in the pres- 
ence of human macrophage colony-stimulating factor (M-CSF, 10 ngml~'; R&D 
Systems) for 2 days and then differentiated into osteoclasts using human RANKL 
(50 ng ml '; Peprotech) and M-CSF for 3 days. Subsequently, the differentiation of 
osteoclasts was evaluated by TRAP staining. Results are representative of more 
than four individual experiments. The proliferation assay for osteoblasts was per- 
formed using the Cell Counting kit-8 (DOJINDO), according to the manufac- 
turer’s instructions. Results are representative of more than four individual 
experiments. 

Transfection and infection. For the Sema3A knockdown study, MC3T3-E1 cells 
were seeded (3 X 104 cells per cm’) and transfected with 20 nM of short interfering 
(si)Sema3A (Invtrogen) or siControl (Invtrogen) using HiPerFect (Qiagen) according 
to the manufacturer’s instructions. siRNA sequences were 5’-AAUAGUUGUUG 
GUUCCCGGAAGACG-3’ and 5'-CGUCUUCCGGGAACCAACAACUAUU-3’ 
(for Sema3a). After transfection, cells were cultured with osteoblastic differentiation 
media. Culture medium was changed every 2 days. Recombinant mouse Sema3A 
Fc chimaera (R&D systems) was added every 2 days at indicated concentrations. 
After 7 days, osteoblastic differentiation was confirmed by the measurement of 
ALP activity. Results are representative of more than four individual experiments. 
To confirm Sema3A intracellular signalling, MC3T3-E1 cells (3 X 10* cells per 
cm”) were infected with adenovirus containing a dominant-negative form of Racl 
(T17N) or enhanced green fluorescent protein (eGFP). Infected cell were cultured 
in osteogenic medium with or without Sema3A (2 1g ml). Medium was changed 
every 2 days. After 7 days, ALP measurement was performed. Results are repres- 
entative of more than four individual experiments. 

Histological and histomorphometric analyses. We injected mice with calcein 
(25mgkg ’; Sigma) and stained undecalcified sections of the lumbar vertebrae 
using von Kossa and TRAP as previously described**. We performed static and 
dynamic histomorphometric analyses using the Osteomeasure Analysis System 
(Osteometrics) following nomenclature defined by the American Society for Bone and 
Mineral research as previously described**. Bone volume/tissue volume (BV/TV; %), 
bone formation rate/bone surface (BER/BS; jum? tm~' yr’), mineral apposition 


rate (MAR; mm yr — ) osteoblast surface/bone surface (Ob. $/BS; %) and osteoclast 
number/bone perimeter (No. Oc./B. Pm) were analysed. Oc. S/BS and No. Oc./B. Pm 
were calculated on TRAP staining slices. 

Micro-CT analyses. We obtained two-dimensional images of the distal femurs by 
micro-CT analysis (uuCT; Comscan). 

Measurement of deoxypyridinoline cross-links. We measured serum deoxypyr- 
idinoline cross-links (DPD) with the MicroVue tDPD kit (QUIDEL) according to 
the manufacturer’s instructions. 

Quantitative real-time PCR analysis. Total RNA from tissues and cultured cells 
was extracted using TRizol reagent (Invitrogen) and reverse transcription was 
performed by ReverTra Ace qPCR RT Kit (TOYOBO) according to the manu- 
facturer’s instructions. We performed quantitative analysis of gene expression using 
the Mx3000P real-time PCR system (Agilent Technologies). We used Gapdh expression as 
an internal control. The following primers were used: Sema3a sense, 5'-TGGGC 
TGGTTCACTGGGATTGC-3’ and Sema3a antisense, 5'-CTGGAGCTGTTGG 
CCAAGCCAT-3’; Alpl sense, 5‘-ACACCTTGACTGTGGTTACTGCTGA-3’ and 
Alpl antisense, 5’-CCTTGTAGCCAGGCCCGTTA-3’; Bglap sense, 5’-TCTGAC 
AAAGCCTTCATGTCCA-3’ and Bglap antisense, 5'-CGGTCTTCAAGCCATA 
CTGGTC-3'; Dmp1 sense, 5'-CCCAGAGGGACAGGCAAATA-3’ and Dmp1 
antisense, 5’-TCCTCCCCACTGTCCTTCTT-3’; Plxnal sense, 5’-GAGTGCAA 
GGAAGCTTTTGC-3’ and Plxnal antisense, 5’- TCCTCAATCCCAGGAAACAG-3’; 
Plxna2 sense, 5'- GGGGGCTATCAATCGTGTCT-3’ and Plxna2 antisense, 5’- AGGG 
CTGTACAATGAGGGGT-3’; Plxna3 sense, 5'- GCCAACCCACCTCGGCAGAC-3’ 
and Plxna3 antisense, 5'- GCAGAGGGGTGTTGATGCAGGG-3’; Plxna4 sense, 5’- A 
TCTAGAGTGGCGACAAGGAAG-3’ and Plxna4 antisense, 5'- TGGAGACAGTGG 
AGTIGTICAC-3’; Nrp1 sense, 5'- GAAGCACCGAGAAAACAAGG-3’ and Nrp1 
antisense, 5’- TTGCCTTCGAACGACTTAGC-3’; Gapdh sense, 5'-ACCCAGAAGAC 
TGTGGATGG-3’ and Gapdh antisense, 5’-CACATTGGGGGTAGGAACAC-3’. 
Immunohistochemistry. Bones were directly embedded into OCT after dissection. 
Brains and spinal cords were fixed in 4% paraformaldehyde (PFA) in 0.1 M phos- 
phate buffered saline (PBS) for 24h and dehydrated in 30% sucrose in 0.1 M PBS 
for 48 h. Brain, lumbar spinal cord and olfactory bulbs were dissected and embedded 
in 1.5% low-melting-temperature agarose (BM Equipment) in PBS. Brains were 
cut into 25-j1m-thick coronal sections using a cryostat and slices from every 
150 {tm were used. Lumbar spinal cords were cut into 25-|1m-thick axial sections. 
To characterize the expression of neuronal markers in the brain, series of sections 
from each experimental group were stained with neuronal markers. After treat- 
ment with 0.2% Triton X-100 for 5 min, sections were blocked with 5% NGS and 
incubated with monoclonal antibodies, SMI31 (a marker for neurofilament M+H, 
1:500, COVANCE), polyclonal antibodies, CGRP (1:800, BioMol), TRPV1 (1:300, 
Transgenic), tyrosine hydroxylase (TH) (1:500 Chemicon), DBH (1:500 Chemicon) 
for 24h as previously described*. Primary antibodies were visualized with goat 
anti-mouse IgG Alexa-594 (1:500, Molecular Probes) and goat anti-rabbit IgG 
Alexa-488 (1:400, Molecular Probes). 

For quantification of innervations of nerve fibres, the percentage of neurofila- 
ment-positive (red) area to the area corresponding to the secondary spongiosa of 
the right proximal tibial metaphyses was calculated by Image J software (http:// 
rsbweb.nih.gov/ij/). 

Retrograde labelling of tibia afferents. To assess tibia afferents, retrograde tracing 
with Fluoro-Gold (FG: Fluorochrome) was performed in wild-type and Sema3Anestin 
mice. A total of 2 pl of 4% FG was injected into the right tibial tuberosity with a 
Hamilton syringe. The DRGs were transcardially perfused with a solution of 4% PFA 
in PBS 1 week after the FG injection and carefully dissected. The L3 and L4 DRGs 
were cut into 10-t1m-thick transverse sections perpendicular to the spinal nerve 
using a cryostat. The sections were incubated with NeuroTrace green fluorescent 
Nissl stain (Invitrogen). The numbers of FG-positive neurons were counted in the 
section of middle portion of DRG. 

Sensory behavioural tests. The mice were placed in plexiglass boxes, which were 
9.5 X 21 X 25cm in size, to become acclimated to the testing environment. These 
boxes were then placed on an elevated perforated plastic surface for a minimum of 
30 min before all behavioural tests. A blind observer conducted the behavioural 
testing. 

In the tactile threshold test, mechanical sensitivity was measured by applying a 
series of calibrated von Frey filaments (0.02-8 g) to the plantar aspect of the hind 
paw. Each filament was applied once to each mouse. Beginning with the 1 g filament, 
each filament was applied perpendicular to the hind paw for 4-6s. A brisk with- 
drawal of the hind paw indicated a positive response, and a lack of withdrawal 
indicated a negative response. This filament testing is repeated a maximum of two 
additional times, and a 2/3 response to the filament indicated an overall positive 
response. If the mouse demonstrated an overall positive response, the next lower 
force filament was applied as described above. In case an overall positive response 
was not observed (0/3 or 1/3 responses), the next greater force filament was applied 
as described above. Once the crossover threshold could be determined (that is, 
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from response to no response, or vice versa), the responses to the next five fila- 
ments were recorded to determine the median withdrawal threshold. 

Response to acetone was tested using a plastic tube connected to a 1 ml syringe 
and 100 pl of acetone was applied to the plantar surface of the foot without 
touching the skin. Acetone was applied five times to each paw at an interval of 
at least 30 s, and the number of brisk foot withdrawals in response to the acetone 
application was recorded. 

Response to noxious heat stimulus was tested in the following manner. A 

response latency to a noxious heat source was measured with a hot plate apparatus 
(NISSIN, Japan). Mice were placed on a surface heated to 50 or 55°C, and the 
amount of time between placement on the apparatus and a hindpaw lick or jump 
was recorded. To avoid tissue damage due to prolonged exposure to the heated 
surface, we used a cut-off time of 45s. 
Bone marrow ablation. Mice were anaesthetized intraperitoneally with 400 mg kg 
trichloroacetaldehyde monohydrate (Chloral Hydrate; Wako Pure Chemical). After 
removal of the hair from both hind limbs, the bone marrow of both femora on each 
animal was ablated as described previously”. Briefly, bilateral longitudinal incisions 
were made on the knees of each mouse to expose the femoral condyle by dislocation 
of the patella. A hole was made at the intercondylar notch of the femur using a dental 
drill. A 0.6mm diameter Kirschner wire was inserted in the proximal end of the 
femur to confirm completion of marrow ablation by radiography. After removal of 
the Kirschner wire, the dislocated patella was reposed and the skin was sutured. Mice 
were killed at day 7 after ablation and bone histological analyses were performed. 
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In situ hybridization. Spinal cords were fixed in 4% PFA in PBS and dehydrated 
in 30% sucrose in PBS. Frozen sections (20 jtm) were hybridized with digoxigenin 
(DIG)-labelled antisense riboprobes corresponding to a partial cDNA of mouse 
Sema3a (3,852-4,378 bp) at 60 °C overnight. For detection, signals were developed 
using anti-digoxigenin antibody conjugated with alkaline phosphatase. After anti- 
body treatment, sections were incubated with NBT/BCIP (Roche). 

Statistical analysis. We performed statistical analysis using Tukey-Kramer and 
Student’s t-test. Values were considered statistically significant at P< 0.05. All 
data are represented as mean ~ s.d. Results are representative of more than four 
individual experiments. 
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Immune surveillance by CD8aa* skin-resident 
T cells in human herpes virus infection 


Jia Zhul?*, Tao Peng”**, Christine J ohnston?, Khamsone Phasouk?, Angela S. Kask', Alexis Klock', Lei Jin!, Kurt Diem’, 
David M. Koelle’??*°, Anna Wald>?*°, Harlan Robins’ & Lawrence Corey”+ 


Most herpes simplex virus 2 (HSV-2) reactivations in humans are 
subclinical and associated with rapid expansion and containment 
of virus. Previous studies have shown that CD8™ T cells persist in 
genital skin and mucosa at the dermal-epidermal junction (DEJ)— 
the portal of neuronal release of reactivating virus—for prolonged 
time periods after herpes lesions are cleared’”. The phenotype and 
function of this persistent CD8* T-cell population remain unknown. 
Here, using cell-type-specific laser capture microdissection, trans- 
criptional profiling and T-cell antigen receptor f-chain (TCR) 
genotyping on sequential genital skin biopsies, we show that CD8aa* 
T cells are the dominant resident population of DEJ CD8* T cells 
that persist at the site of previous HSV-2 reactivation. CD8aa* 
T cells located at the DEJ lack chemokine-receptor expression required 
for lymphocyte egress and recirculation, express gene signatures of 
T-cell activation and antiviral activity, and produce cytolytic granules 
during clinical and virological quiescent time periods. Sequencing 
of the TCR B-chain repertoire reveals that the DEJ CD8aa* T cells 
are oligoclonal with diverse usage of TCR variable-B genes, which 
differ from those commonly described for mucosa-associated invariant 
T cells and natural killer T cells. Dominant clonotypes are shown to 
overlap among multiple recurrences over a period of two-and-a-half 
years. Episodes of rapid asymptomatic HSV-2 containment were 
also associated with a high CD8 effector-to-target ratio and focal 
enrichment of CD8aa‘ T cells. These studies indicate that DEJ 
CD8aa* T cells are tissue-resident cells that seem to have a fun- 
damental role in immune surveillance and in initial containment of 
HSV-2 reactivation in human peripheral tissue. Elicitation of 
CD8aa* T cells may be a critical component for developing effec- 
tive vaccines against skin and mucosal infections. 

Clinical studies have shown that 50-80% of HSV reactivations are 
subclinical and of short duration (<6 h)?-5, and that CD8* T cells not 
only infiltrate selectively to the site of viral reactivation, but also persist 
locally at the DEJ for months after resolution of herpes lesions”. To 
define the phenotype, function and diversity of these DEJ CD8” T cells 
during virological quiescence as well as early containment of reactiva- 
tion, we used cell-type-specific laser capture microdissection (LCM) to 
identify and select individual CD8* T cells from the DEJ (DEJ CD8), 
dermis near to blood vessels (BV CD8), HSV -2-affected area, and con- 
tralateral HSV-2-unaffected genital tissue (control CD8) (Supplemen- 
tary Fig. 1a, b) to examine the persistent nature, antiviral signature and 
TCR repertoire of these cells from sequential skin biopsies. The purity 
of captured CD8 cells was validated by the abundance of CD8A and 
the absence of CD4 gene expression (Supplementary Fig. 1c). Detailed 
immunofluorescent staining demonstrated that DEJCD8* T cells 
expressed CD3¢ and TCR§, but not TCRy6 (Supplementary Fig. 2). 
These cells did not express co-receptors and markers for dendritic cells 
or natural killer (NK) cells or non-conventional T cells such as NKT cells 


and mucosa-associated invariant T (MAIT) cells (Supplementary Fig. 3). 
Thus, the CD8~ T cells that persist at the DEJ are CD8* TCRaf T cells. 

Because tissue-based CD8* T cells and memory precursors have 
been shown to express varied levels of CD8o and CD8°”, we measured 
gene expression of these co-receptors by quantitative TaqMan PCR. 
DEJ CD8 cells almost exclusively expressed CD8A messenger RNA. 
CD8B was detected in only one out of eight and three out of ten subjects 
biopsied at 2 and 8 weeks post-healing (w.p.h.) from the HSV-2-affected 
area, respectively. By contrast, BV CD8 cells from the same 8 w.p.h. 
biopsies expressed high levels of CD8B transcripts in nine out of ten 
patients (Fig. 1a). Cell-surface expression of CD8« and CD8f chains 
circumstantiated these transcriptional patterns (Fig. 1b, c). CD8a*B™ 
cells predominated at the DEJ from the time of active lesion to 2 and 
8 w.p.h., ranging from 85 to 91% of the total DEJ CD8c* cells, and the 
number of these cells remained relatively stable. By contrast, CD8«* B* 
cells localized mainly to the dermis during HSV-2 ulceration and rapidly 
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Figure 1 | CD8aa"*, but not CD8at p*, T cells persist at the DEJ in human 
HSV-2 infection. a, Average expression of CD8A and CD8B genes (left) and 
individual expression of CD8B gene (right) in DEJ CD8 and BV CD8 cells laser 
captured from tissues of 2 (n = 8) and 8 (n = 10) w.p.h. biopsies, relative to 
ACTB. Each symbol represents one subject. Error bars, s.d. b, Differential 
localization of CD8a0.* (red) to the DEJ and CD8«* B* (yellow) to the dermis 
in active lesions and 2 w.p.h. and 8 w.p.h. tissue (high- and low-density area, 
bottom left and bottom right, respectively). c, Top, quantification of CD8a0~ 
and CD8a,* Br T cells at the DEJ and dermis over time. Middle, individual and 
average (light blue) kinetics of DEJ CD8ac.* T cells. Bottom, dermal CD8a* B* 
T cells over time (n = 4). L denotes lesions (week 0). 
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diminished after completely healing, resulted in a 98% reduction in cell 
density during the first 2 w.p.h. at a rate (169 cells per mm” per week) 
almost ten times higher than that of CD8a* B~ cells at the DEJ (17.5 cells 
per mm” per week) for the same period. When detected in either 2 or 
8w.p.h. biopsy tissue, CD8x%*B* cells were mainly located near the 
blood vessels. These data indicate, at both the RNA and protein level, 
that CD8* T cells that selectively persist and preferentially localize at the 
DEJ have a CD8a% homodimer phenotype. 

To investigate the potential mechanism for persistence of CD8ac* 
T cells at the DEJ, we compared the transcriptional profiles of DEJ CD8 
versus BV CD8 cells isolated from the same tissue biopsy obtained at 2 
and 8 w.p.h. Gene expression of chemokine receptors and lymphocyte- 
trafficking receptors was different between DEJ CD8 and BV CD8 
cells. We observed a downregulation of CCR7, CCR8, CXCR4, CXCR6, 
CXCR7 and S1PRI1 transcripts in DEJ CD8 compared to BV CD8 cells 
(Fig. 2a). Using TaqMan PCR, we found no detectable CCR7 gene expression 
in DEJ CD8 cells from 8 w.p.h. tissue in nine out of ten subjects; an 
expression pattern also observed for S1PR1, which was undetectable in 
eight out of ten subjects (Fig. 2b). Comparatively, high levels of CCR7 
and S1PRI expression were detected in BV CD8 cells. It has been 
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Figure 2 | Tissue residence and effector function of DEJ CD8aa* T cells in 
post-healed tissue. a, Downregulation of chemokine-receptor expression in 
DEJ CD8 compared with BV CD8 cells. Data are average signal intensities on 
the Illumina BeadArray (n = 5). b, CCR7 (top) and SIPRI1 (bottom) expression 
by quantitative PCR. Each symbol represents one subject. c, Activated effector 
signatures of DEJ CD8 cells. Pair-wised comparison was performed between 
DEJ CD8 and control CD8 cells from the same individual at the 8 w.p.h. time 
point (n = 9). Red, upregulated; green, downregulated. d, Quantitative PCR 
analysis of antiviral gene expression (n = 9). Ctrl, control. Each symbol 
represents one subject. e, Perforin protein expression in DEJ CD8 cells of active 
lesion (left) and 8 w.p.h. with (right) and without (middle) virus shedding. 

f, Perforin protein expression in DEJ CD8aa* T cells but not BV CD80." B* 
T cells. Perforin, yellow granules (both pink and green); CD8«, red; CD8, 
green. Arrows in e and f denote enlarged area of perforin expression. 


LETTER 


shown that CCR7 is required for guiding lymphocytes exiting peri- 
pheral tissue and $1PR1 functions in lymphocyte recirculation and 
trafficking in the blood*"’. The absence of transcriptional activity of 
both of these genes in DEJ CD8 cells suggests that a potential mech- 
anism for CD8aa* T-cell persistence at the DEJ is a lack of chemo- 
tactic requirements for exit. 

We also compared expression profiles of genes critical for T-cell 
activation and antiviral and cytolytic function between captured DEJ 
CD8 and control CD8 cells from 8 w.p.h. biopsies’, a time of pre- 
sumptive virological quiescence. Upregulation of genes for TCR co- 
receptors (CD8A and CD3G) and co-stimulation (ICOS and ITGAL 
(also known as LFA-1A)), G1/S cell cycle transition (CD27 and CCND3), 
cytolytic activity (PRF1, GZMA, GZMB, GZMK and GZMH) and cyto- 
kines/chemokines and their receptors (IFNG, TNFA, RANTES (also 
known as CCLS5) and IL-7RA (also known as IL7R)) suggests that DEJ 
CD8 cells were actively engaging and eliminating infection (Fig. 2c). 
We performed quantitative PCR on a subset of these genes to delineate 
the expression patterns further (Fig. 2d). Expression of RANTES and 
GZMA was upregulated in DEJ CD8 cells from all nine subjects. GZMB 
and IFNG were induced in seven and six out of nine subjects, respectively, 
a significantly higher proportion compared to contralateral control sam- 
ples (one out of nine) (P< 0.01, Fisher’s exact test). Perforin protein 
expression was also detected in DEJ CD8 cells at 8 w.p.h. (Fig. 2e); no 
perforin granules were detected in the contralateral control CD8 cells 
(data not shown). The strongest perforin granule expression at the 8 w.p.h. 
time point was seen in DE] cells from patients who had evidence of 
subclinical HSV-2 shedding (Fig. 2e). Co-staining of biopsy tissue 
showed that perforin granules were detected in DEJ CD8«* 8 cells 
(Fig. 2f upper panels) but not in BV CD8a*8* T cells (Fig. 2f lower 
panels). The expression of cytolytic granules and mRNA patterns of 
T-cell activation and antiviral responses indicate that DEJ CD8aa* 
T cells are programmed and regulated to respond to virus infection. 

We investigated the role of CD80" T cells in the early containment 
of HSV-2 reactivation during episodes of subclinical recurrence. HSV-2 
DNA was detected in tissue sections in two of the ten 8 w.p.h. biopsies. 
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Figure 3 | DEJ CD8 cells in early containment during asymptomatic HSV-2 
reactivation. a, HSV-2 antigen expression in keratinocytes during 
asymptomatic HSV-2 reactivation. Arrows denote enlarged area of infected 
cells showing on the right panels. b, c, CD8 effector-to-target ratio during 
asymptomatic (b) and lesional (c) HSV-2 reactivation. d, High level of CD8a* 
T cells expressing perforin granules during asymptomatic shedding. Arrows 
denote enlarged areas on the right. e, Focal accumulation of CD8a0.* T cells 
(left, red) and recruitment of CD8a* B* T cells (right, yellow) to the DE). 
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DNA levels were significantly lower than those during a genital 
lesion (<20 copies per 5 X 10° cells versus 10° copies per 5 X 10* cells, 
respectively) and the biopsies concurrently showed no histologic evid- 
ence of ulceration or epithelial cell necrosis, indicating an episode of 
spontaneous asymptomatic shedding controlled by the host immune 
system'’*"*, Immunofluorescence staining revealed a punctate distri- 
bution of HSV-2 antigen in several keratinocytes dispersed in the 
epidermis (Fig. 3a). CD8* T cells and HSV-2-infected cells formed 
clusters in which two to four CD8" T cells were in direct contact with 
a virally infected cell (Fig. 3b). This high effector-to-target ratio during 
asymptomatic shedding is in contrast to that which occurs during clinical 
episodes of recurrent genital herpes (Fig. 3c). In situ quantum dot 655- 
conjugated peptide-major histocompatibility complex I (Qdot655- 
pMHCI) multimer staining identified HSV-2-specific CD8* T cells 
present in these shedding biopsies (Supplementary Fig. 4) along with 
increased numbers of perforin granules (Fig. 3d), providing evidence 
of antigen-specific early containment of virus infection. Furthermore, 
high-density CD8«0.* T cells were found in foci at the DEJ and there 
was increased recruitment of CD8a* B* T cells to the DEJ (Fig. 3e). 
Again, we detected perforin granule expression in CD8a.* B~ T cells, 
suggesting these CD8«0* T cells are cytolytically active during early 
host antiviral control (Supplementary Fig. 5). These studies suggest that 
CD8aa* T cells are important effectors in early immune containment. 

In order to understand the persistence, diversity and specificity of 
CD8a.* T cells at the DEJ further, we analysed the amino acid sequence 
in the hypervariable complementarity-determining region 3 (CDR3) 
of the T-cell receptor B chain (TCRB) in DEJ CD8 cells using high- 
throughput sequencing assays'*. We collected DEJ CD8 cells using 


LCM from six biopsies obtained during a 2.5-year time period from 
an individual with long-standing recurrent HSV-2 who participated in 
a series of trials involving sequential skin biopsies during and after 
HSV-2 reactivation (Fig. 4a). The sequence pattern of DEJ CD8a0* 
T cells indicated an oligoclonal immune profile, with the top six most- 
abundant sequences making up 85 to 98% of the TCRB repertoire in 
each DEJ CD8 sample (Fig. 4a and Supplementary Table 1). Twelve 
TCRB CDR3 sequences were common among the six tissue biopsies 
(Fig. 4a and Supplementary Table 2): two sequences were detected in 
all six biopsies and one was present in five biopsies over the 2.5-year 
time period (Fig. 4b). Moreover, both the abundant sequences and the 
12 commonly shared sequences (Supplementary Tables 1 and 2) involved 
diverse usage of variable-B-gene (VB) families; for example, 18 VB 
genes were found among the 27 unique TCRB amino acid sequences 
that predominated in DEJ CD8a«" T cells. Interestingly, evidence of 
constrained VB gene usage as described in CD80" MAIT cells was 
not seen'®””; VB2 and VB13 families not found in DEJ CD8 cells. 

To examine the antigen specificity of DEJ CD8a0,* T cells, we 
sequenced TCRB from tissue-infiltrating T cells during lesion healing, 
peripheral blood mononuclear cell (PBMC)-derived CD8a0* T cells 
and HSV-2-reactive CD8" T cells isolated directly ex vivo from PBMCs 
from the same individual'’. Fifteen TCRB CDR3 sequences were shared 
by all three T-cell populations (Fig. 4c and Supplementary Table 3), and 
one of these sequences, CASRLDRGTLTDTQYF, was also detected in 
DE) CD8 cells from two separate biopsies 21 months apart from distinct 
HSV-2 recurrences (March 2005, newly healed of episode no. 1; and 
December 2006, 4 w.p.h. of episode no. 3; Fig. 4a). These results pro- 
vide evidence that DEJ CD8 cells are comprised of a CD8aax* T-cell 


a 

Biopsy date: Mar 2005 Apr 2005 Apr 2006 Oct 2006 Dec 2006 Oct 2007 
Episode number: 1 1 2 3 3 4 
Location: R labia R labia R labia Perineum Perineum Buttock 
Biopsy stage: Newly healed 2 w.p.h 3 w.p.h. Healing lesion 4w.p.h 8 w.p.h 
DEJ CD8 (cells): 231 176 225 147 323 61 

Unig. TCRB seq: 32 18 34 74 28 28 


* CASRKTGIPSEQYF * CASSLLAGHTGELFF CAISEPTSSSVTGELFF * CASSLLAGHTGELFF CASSDRDTGELFF * CASSLLAGHTGELFF 
CASSFRDGHYEQYF CATRRTSGRYNEQFF CASSFDLGGRSNQPQHF CASSMRVQPQHF CASSLEPGQGANEQFF * CASSQEGGQGPSGANVLTF 
CASSPDGQGGYTF * CASSHGYEQYF * CASSHGYEQYF CASSQVTASTDTQYF * CASRKTGIPSEQYF * CASRKTGIPSEQYF 
CASSYQARASWGYEQYF CASSAGSLVYNEQFF CATSRDRYYGYTF * CASSQEGGQGPSGANVLTF CASSLLKGGNYEQYF CATASAYEQYF 

* CASSLLAGHTGELFF CASSPTRNTGELFF CASSPGRDWGSEQYF CASSEASGSTDTQYF %* CASRLDRGTLTDTQYF CASSQEGGQGPSGANVLFF 

* CASRLDRGTLTIDTQYF * CASRKTGIPSEQYF CACGDSLYEQYF CASSIDPGEGKLFF CASSDRRDEQYF CASSPGTGTGANVLFF 
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Figure 4 | Characteristics of DEJ CD8 cell TCRB repertoire. a, Oligoclonal 
distribution and dominant CDR3 sequences of the DEJ CD8 cell TCRB 
repertoire. DEJ CD8 cells were laser captured from six biopsies obtained during 
and after multiple episodes of herpes recurrence from one individual. The pie 
charts illustrate the distribution of the unique CDR3 sequences detected in the 
DEJ CD8 TCR§ repertoire from each biopsy. Amino acid sequences of the top 
six clones are listed in the order of abundance. Shared amino acid sequences 
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whole tissue 


between biopsies are highlighted in the same colour as in the pie charts. Each 
colour represents one clone. b, Frequencies of the three most commonly shared 
DEJ CD8 clones. c, Venn diagram of overlapping TCRB repertoires among 
three T-cell populations from the same individual, showing tissue-infiltrating 
T cells from a healing lesion biopsy, blood-PBMC-derived HSV-2-reactive 
CD8* T cells and PBMC-derived CD8a.* T cells. Clone tracking was 
performed at the nucleotide level. 
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population that responds to HSV-2 infection in genital tissue. The 
sequence CASRLDRGTLTDTQYFE and the two commonly shared 
sequences in all six DEJ CD8 samples, CASSLLAGHTGELFF and 
CASRKTGIPSEQYF, were abundant in the lesion-healing biopsy sam- 
ple. These sequences were ranked numbers 2, 6 and 12 in frequency 
among 4,678 unique TCR sequences detected, further supporting the 
important role of DEJ CD8a0.* T cells in response to HSV-2 antigen in 
tissue. 

Our studies demonstrate the ability to dissect cell-type-specific 
immune responses in situ in humans and provide several new insights 
into the tissue-resident immunity in genital skin and mucosa. Accumu- 
lating evidence indicates that antigen-specific CD8 * T cells retain long- 
term residence at the peripheral site of infection, exhibiting superior 
protection over their blood counterparts against re-infection of invad- 
ing pathogens”!**°. Our human studies have shown that CD8" T cells 
persisting at the DEJ site of previous HSV-2 lesions possess a CD80x 
homodimer phenotype. The persistence of CD8«" T cells contrasts 
with the rapid depletion of CD8a* B* T cells after lesion healing. These 
CD8a0* T cells lack chemotactic signals, such as CCR7 and S1PR1, 
distinguishing them from circulating CD8«* 8" T cells. 

The detailed characterization of cell-type-specific markers and TCR 
VB gene diversity indicate the CD8a«* T cells described in this study 
are not innate or semi-innate T cells; rather, they are components of 
the adaptive immune response retained in the barrier tissue as sentinel 
cells. CD8«« homodimer expression has been associated with high- 
affinity antiviral effector T cells and proposed to preserve optimal 
effector cells at the portal of pathogen entry for long-lived mucosal 
memory””®. Whether DEJ CD80" T cells are directed at a unique 
class of viral antigens is unknown and is of major interest. 

The unique anatomic localization of DEJ CD8a.* T cells contiguous 
to the neural gateway of reactivating virus suggested these cells might 
recognize and contain HSV infection. Although the functional relevance 
remains to be proven, the activated gene signature, oligoclonal immune 
profile and HSV-2-specific T-cell response at sites of previous reactiva- 
tion support the notion that DEJ CD8a0.* T cells might mediate a rapid 
and effective peripheral immunity to control frequent HSV antigen 
exposure in human skin and genital tract. The prompt CD8 antiviral 
response at the site of virus release during asymptomatic HSV reactiva- 
tion is in sharp contrast to the delayed CD8* T-cell infiltration during a 
lesion-forming herpes recurrence, in which CD8* T-cell infiltration 
occurs 2 to 3 days after initial infection, after NKT-cell and cp4* 
T-cell arrival’’**. Enhancement of the quantity and the function of 
tissue-resident CD8x0,* T cells may potentially be a mechanism for 
improved immunotherapeutic treatment and for prevention of HSV-2 
reactivation in humans. Similarly, the immunological role of these per- 
sisting T cells in other chronic infections of the skin and genital tract, 
such as HIV, should also be explored. 


METHODS SUMMARY 


All human genital skin biopsies were obtained according to a study protocol and 
informed consent procedures approved by the University of Washington 
Institutional Review Board. For a detailed description of all techniques used in 
this study, please see Methods. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Human biopsies. The study protocol, biopsy procedure and informed consent 
were approved by the University of Washington Institutional Review Board. 
Enrolled subjects had culture-proven symptomatic genital HSV-2 infection and 
were all HIV-1/2 seronegative. All genital skin biopsies were collected from HSV- 
2-seropositive immunocompetent adults at the time of active lesion and then at 2 
and 8 weeks after complete lesion healing, and from contralateral unaffected 
(control) genital skin'*'*. Tissue biopsies were snap frozen in optimum cutting 
temperature compound within 12h of collection and stored at —80 °C until pro- 
cessing. Peripheral blood was collected at the same time points. 
Immunofluorescence staining. Detection of T-cell markers, viral antigen and HSV- 
2-specific CD8* T cells in genital tissue was performed as described'?. Tyramide 
signal amplification (TSA; Invitrogen) was applied for the first antibody in dual 
staining, followed by incubation with CD80-Alexa Fluor 647 (AF647). For triple 
staining, sequential TSA was performed by first applying antibody to perforin and 
then antibody to CD8f, followed by incubation with CD8a%-AF647. Antibodies 
used in this study are listed in Supplementary Table 4. 

CD8-specific LCM. Frozen tissue was sectioned into 8-t1m slices and placed on a 
polyethylene naphthalate membrane slide (Carl Zeiss). Tissue sections were fixed 
in 100% ethanol, incubated with CD8a—AF647 on ice for 5 min, washed in PBS 
and dried with ethanol (75%, 95% and 100%) and xylene. CD8* cells were iden- 
tified and laser microdissected using either a PALM MicroBeam instrument (Carl 
Zeiss) or an Arcturus Veritas microdissection system (Molecular Devices). About 
100 CD8* cells were laser captured from each sample for transcriptional analysis, 
unless otherwise specified. 

RNA extraction, complementary DNA amplification and hybridization to 
Illumina bead arrays. Total RNA from LCM-captured CD8 cells from each group 
were extracted using Arcturus PicoPure RNA Isolation kits (Life Technologies) 
and quantified by a NanoDrop 1000 Spectrophotometer. One nanogram of total 
RNA was then used to generate and amplify cDNA through whole-transcriptome 
amplification using WT-Ovation Pico RNA Amplification System (NuGEN). The 
cDNA were biotin labelled following a protocol from NuGEN and labelled cDNA 
(750 ng) were then used to hybridize to lumina HumanRef8 v3 bead arrays in the 
Shared Resources at Fred Hutchison Cancer Research Center. 

Bead array data analysis. Detailed analysis has been described previously’*. In 
brief, raw data were imported to GenomeStudio (v2010.3, Illumina) for initial quality 
control. Normalized data were then exported to R and differentially expressed 
genes between DEJ CD8 and control CD8 or between DEJ CD8 and BV CD8 were 
selected. The differentially expressed genes were analysed further using an unsuper- 
vised hierarchical clustering method and using Spotfire DecisionSite for functional 
genomics (v9.1.2). Enriched functional categories and network analysis for the set 
of differentially expressed genes were performed using Ingenuity Pathway Analysis 


(IPA 8.8). The GoMiner program was used to annotate all the 18,401 genes on 
HumanRef8 v3 bead arrays. 

Microarray data accession numbers. Complete gene expression array data for 
DEJ CD8, control CD8 and BV CD8 can be accessed under Gene Expression 
Omnibus accession numbers GSE39625 and GSE44975. 

TaqMan quantitative PCR. TaqMan PCR assays were performed using primer/ 
probe sets obtained from Applied Biosystems (Supplementary Table 5). Relative 
expression to ACTB is shown for each gene. HSV-2 DNA detection in tissue was 
described previously'’”’. 

DNA extraction and amplification. Genomic DNA from laser capture micro- 
dissected CD8" T cells was extracted using Arcturus PicoPure DNA Extraction 
kits (Life Technologies). Recovered DNA was whole-genome amplified through 
multiple displacement amplification using REPLI-g Mini kit (Qiagen). 

TCR sequencing. TCR B-chain sequencing was performed at Adaptive Biotech- 
nologies using the ImmunoSEQ platform'’. All TCRP chains were PCR amplified 
from 400 ng of DNA from each sample. The library was sequenced using Ilumina 
HiSeq and the resulting reads were processed and uploaded onto the ImmunoSEQ 
Analyzer secure relational database. 

Purification of HSV reactive CD8* T cells from PBMC ex vivo. We obtained 
bulk HSV-2 reactive CD8 T cells as described previously’ and adapted the method 
for HSV-2. HSV-2-infected HeLa cell debris was added to cultured PBMC-derived 
dendritic cells, which were then incubated with negatively selected CD8 T cells 
from the same subject and stained with 7-aminoactinomycin D for viability assess- 
ment and with anti-CD8q, anti-CD3 and anti-CD137 conjugated to fluorochromes. 
The cells were sorted on a FACSAria III instrument and live, CD3*, CD8«* and 
CD137°"8"' cells were selected. Approximately 5,000 directly sorted cells were 
submitted for TCRB sequencing. 

Purification, sorting and deep sequencing of CD8aa* T cells from PBMC. 
CD80, T cells were purified from PBMC and labelled with antibodies of CD8a 
Pacific Blue, CD8 APC, CD3 APC-Cy7, TCRaf* Alexa 488 and CD4 phycoerythrin- 
Cy7. The cells were sorted using BD FACSAria. CD8aa T cells, described as 
CD3* TCRaB* CD4~ CD8x* CD8B°, were collected and expanded using a rapid 
expansion protocol” in the presence of 50IU ml! of recombinant human IL-2 
and 1 ng ml ' of recombinant human IL-7. A total of 890,000 CD80*B CD4~ 
T cells (98% pure) were collected and submitted to Adaptive Biotechnologies for 
TCRB deep sequencing. 
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The TLR4 antagonist Eritoran protects mice from 


lethal influenza infection 
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There is a pressing need to develop alternatives to annual influenza 
vaccines and antiviral agents licensed for mitigating influenza infec- 
tion. Previous studies reported that acute lung injury caused by 
chemical or microbial insults is secondary to the generation of 
host-derived, oxidized phospholipid that potently stimulates Toll- 
like receptor 4 (TLR4)-dependent inflammation’. Subsequently, we 
reported that Tir4~’~ mice are highly refractory to influenza-induced 
lethality’, and proposed that therapeutic antagonism of TLR4 sig- 
nalling would protect against influenza-induced acute lung injury. 
Here we report that therapeutic administration of Eritoran (also known 
as E5564)—a potent, well-tolerated, synthetic TLR4 antagonist**— 
blocks influenza-induced lethality in mice, as well as lung pathology, 
clinical symptoms, cytokine and oxidized phospholipid expression, 
and decreases viral titres. CD14 and TLR2 are also required for 
Eritoran-mediated protection, and CD14 directly binds Eritoran 
and inhibits ligand binding to MD2. Thus, Eritoran blockade of 
TLR signalling represents a novel therapeutic approach for inflam- 
mation associated with influenza, and possibly other infections. 

Influenza continues to evolve, and new antigenic variants emerge 
annually, giving rise to seasonal outbreaks. During annual influenza 
epidemics, 5-15% of the population is affected with upper respiratory 
tract infections, with hospitalization and death occurring mainly in the 
elderly and chronically ill. Annual influenza epidemics are estimated to 
result in 3—5 million cases of severe illness and 250,000-—500,000 deaths 
yearly worldwide**. In addition, strains to which humans have no prior 
immunity may appear suddenly, and the resulting pandemics can be 
catastrophic, as illustrated by the 1918 ‘Spanish flu’ that killed millions”*. 
Logistical problems related to the prediction of future immunogenic 
epitopes, and production and distribution issues, often limit efficacy 
and/or vaccine availability. Moreover, increasing resistance to existing 
antiviral therapy, coupled with the need to administer these agents 
within 2-3 days after infection, limits their usefulness”"''. Thus, there is 
a critical need for a safe and effective therapeutic adjunct and/or alterna- 
tive to influenza vaccines and antiviral agents. 

The prototype TLR4 agonist, Gram-negative lipopolysaccharide 
(LPS), is a highly potent inflammatory stimulus that has been strongly 
implicated in Gram-negative septic shock, including acute respiratory 
distress syndrome caused by endothelial leak’’. In 2008, a highly pro- 
vocative paper’ proposed that induction of acute lung injury, induced 
by acid aspiration, infection by respiratory viruses and bacteria, or exposure 
to their products (for example, inactivated H5N1 influenza), was mediated 
bya common signalling pathway: NADPH oxidase-dependent production 
of reactive oxygen species (ROS) generated oxidized host phospholipids— 
for example, oxidized 1-palmitoyl-2-arachidonoyl-phosphaticylcholine 
(OxPAPC)—that, in turn, potently stimulated TLR4. The authors pro- 
posed that the ensuing cytokine storm, and in particular, interleukin-6 
(IL-6), mediated acute lung injury. Our subsequent findings that Tlr4-/~ 


mice were protected from lethality caused by mouse-adapted influenza 
virus (A/PR/8/34, known as PR8)’, led us to propose that blocking TLR4 
therapeutically would protect against influenza infection. Here we provide 
compelling data showing that Eritoran (E5564; Eisai), a potent TLR4 
antagonist*’, is highly protective when administered therapeutically to 
mice infected with a lethal dose of influenza. 

Figure 1a illustrates our initial protocol. On ‘day 0’, 6-8-week old, 
female C57BL/6J mice were infected intranasally (i.n.) with a dose of 
PR8 that was determined to kill ~90% of mice (~LDg9). Two days later, 
the TLR4 signalling antagonist Eritoran (E5564) was administered daily 
for 5 consecutive days (200 1g per mouse; days 2-6) intravenously (i.v.). 
Each mouse was weighed and clinical symptoms (for example, lethargy, 
piloerection, ruffled fur, hunched posture, rapid shallow breathing, audible 


@ Day 0: infect mice i.n. with 


7,500 TCID,. A/PR/8/34 Day 14 
End assay 
<——————_ Monitor: weight loss, clinical scoring, lung ‘cracking’, survival > 
2 3 4 5 6 
14 
Inject mice i.v. with placebo 
or E5564 (200 jg per mouse) 
b 
1400 5 --e- Placebo 
= 80 ga ek, —e- E5564 
= - 
S re) “ . 
3B 60 23 ” ba 
2 3 w = 
g #0 =| # : 
20 o1 } 
0 0 
5 10 5 10 
Time after infection (d) Time after infection (d) 
c 
100 5 --e- PR8 only 
i (10) » ee -e- £5564 day 2 
Ss 80 8 i ore %, a E5564 day 4 
= 60 33 ‘ye 4 E5564 day 6 
g (6/15) 3 
z Or2 
g oy (6/15)*" 
D 90 -- Ort 
seen (1/10) 
0 0 
0 5 10 15 0 5 10 15 


Time after infection (d) Time after infection (d) 


Figure 1 | Eritoran treatment protects mice from lethal influenza challenge. 
a, Basic experimental protocol used to test Eritoran in mice infected with 
influenza. C57BL/6J mice were infected with mouse-adapted influenza, strain 
PR8 (~7,500 TCIDso; in.; ~LDoo). Two days later, mice received placebo 
(vehicle only) or E5564 (Eritoran; 200 pig per mouse i.v.) once daily for 5 
successive days (days 2 to 6). b, Mice were treated as shown in a. Left, survival 
was monitored daily (P < 0.002). Right, clinical scores (see Methods) were also 
measured daily. Each graph represents the combined results of 2 separate 
experiments, each with 5 mice per treatment group per experiment. c, Mice 
were infected as described in a, but treated with Eritoran starting on days 2, 4 or 
6 after infection. Left, survival (day 2 and day 4, P< 0.01; day 6, P = 0.05); right, 
clinical scores. Results are combined results from 2-3 separate experiments, 
with 5 mice per treatment group per experiment. 
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rattling) were scored daily for 2 weeks. Eritoran-treated mice were sig- 
nificantly protected from influenza-induced lethality, whereas 90% of 
mice administered placebo (vehicle only) died (Fig. 1b, left). This was 
paralleled by more severe clinical scores (Fig. 1b, right) and weight loss 
(Supplementary Fig. 1A) in control mice versus Eritoran-treated mice. 
Treatment of mice with tenfold less Eritoran (20 [1g per mouse) decreased 
survival to 40% (4/10 mice survived; data not shown). The efficacy of 
Eritoran treatment decreased from 90% survival in mice infected with 
7,500 50% tissue culture infective dose (TCIDs9) to 60% and 25% 
survival in mice infected with 10,000 and 20,000 TCIDs9, respectively 
(Supplementary Fig. 1B). Treatment with Eritoran also protected mice 
infected with a lethal dose of the non-adapted 2009 human pandemic 
influenza strain A/California/07/2009 H1N1 (Supplementary Fig. 1C). 

Additional experiments were performed in which Eritoran treatment 
was started on day 2, day 4 or day 6 after infection. Figure 1c (left) 
illustrates that 90% of PR8-infected mice that did not receive Eritoran 
treatment died, whereas mice that received Eritoran starting on days 2, 
4 or 6 had statistically significant survival rates of 90%, 53% and 33%, 
respectively. The clinical scores for these same mice (Fig. Ic, right) 
illustrate that the later mice began Eritoran treatment, the more severe 
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Figure 2 | Eritoran treatment inhibits influenza-induced lung pathology 
and lung function. a, Eritoran treatment improves lung pathology induced by 
PR8 infection. Representative haematoxylin and eosin (H&E)-stained sections 
were derived from mice treated as described in the text (4-5 mice per treatment 
group) killed on day 7 after infection. Original magnification, x 400. 

b, Histological scoring for PR8-infected mice with or without Eritoran 
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their clinical scores. Mice that did not receive Eritoran showed the most 
severe symptoms and highest clinical scores. Similarly, weight loss was 
progressively greater the later treatment was initiated after infection 
(data not shown). Thus, in contrast to current antivirals that must be 
administered soon after infection, Eritoran treatment significantly 
enhanced survival, even when started as late as 6 days after infection. 
Eritoran treatment also led to a statistically significant reduction in 
influenza-induced lung pathology. Groups of mice received saline only 
(‘mock’), PR8 only (‘PR8 untreated’), or were infected with PR8 and 
treated with Eritoran (PR8 + E5564) starting 2 days after infection 
(Fig. 1a), and were killed 7 days after infection. In mice infected with PR8 
only, extensive lung damage (that is, highly basophilic lining epithe- 
lium in the bronchioles, focal degenerating cells undergoing apoptosis 
or necrosis, and extensive cellular infiltrates (neutrophils, monocytes 
and lymphocytes)) were observed; however, in infected, Eritoran-treated 
mice, ~80% of each lung section examined exhibited nearly normal 
lung architecture (similar to ‘mock’), whereas in ~20% of each section, 
inflammatory infiltrates could be observed, although to a lesser extent 
than in the lungs of mice infected with PR8 only (Fig. 2a). These obser- 
vations are supported by blinded histological scoring (Fig. 2b). By day 
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treatment + standard error of the mean (s.e.m.). ¢, Pulse oximetry data 

collected on day 6 after infection + s.e.m. (P < 0.001, comparing PR8 only with 
mock-infected or PR8 plus E5564; 4-6 mice per treatment group). d, Eritoran 
treatment improves lung pathology of H3N2 infection of cotton rats. Scale bars, 
500 jum. e, Histological scoring for H3N2-infected cotton rats with or without 
Eritoran treatment (n = 5 rats per treatment group; data shows mean + s.e.m.). 
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14 after infection, Eritoran-treated mice showed normal lung architec- 
ture (data not shown). Previously, a direct correlation between pulse- 
oximetry measurements of oxygen saturation and lung pathology, 
which reflected the morbidity and survival of mice infected with PR8, 
was reported’’. By day 6 after infection, the oxygen saturation levels 
observed in mock-infected and PR8-infected, Eritoran-treated mice 
were not significantly different. By contrast, PR8-infected mice demon- 
strated a significant oxyhaemoglobin desaturation to 78%, suggesting a 
functional consequence of the alveolar injury demonstrated histologi- 
cally (Fig. 2c). 

To determine whether the therapeutic effect of Eritoran extends to 
other animal models of human influenza infection, we performed experi- 
ments in cotton rats (Sigmodon hispidus)'***. A[Wuhan/359/95 (H3N2), 
a human non-adapted strain of influenza, replicates in lungs of cotton 
rats on day 1 and produces peak lung pathology on day 4 after infection 
(Fig. 2d, middle; and Fig. 2e, H3N2 only). Animals treated with Eritoran 
after H3N2 challenge showed significant reductions in lung pathology 
on day 4 compared with animals treated with vehicle (Fig. 2d, right; 
and Fig. 2e, H3N2/E5564). 

Figure 3a shows that by day 6 after infection, Eritoran treatment 
resulted in a statistically significant decrease in lung viral titres that was 
further decreased by day 7 (Fig. 3b) and day 8 (data not shown). This 
was not a direct effect of Eritoran on virus replication (Supplementary 
Table 1). By day 14, all surviving mice had completely cleared the virus, 
regardless of treatment. Because the effects of influenza infection are 
systemic'®, levels of the liver enzymes alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) were measured in sera. Although 
PR8 infection resulted in significant increases in ALT and AST levels, 
these were significantly lower in Eritoran-treated mice 6 days after 
infection (Supplementary Fig. 2). 

Influenza infection potently induces expression of both pro- and 
anti-inflammatory genes in vivo that contribute to the inflammatory 
response”. To determine whether Eritoran also mitigates PR8-induced 
gene expression, groups of mice were infected on day 0, treated with 
Eritoran starting on day 2, and killed on day 2 (3 h after Eritoran treatment) 
and on days 4 and 6. Total RNA was extracted from lung homogenates 
and gene expression was measured by quantitative polymerase chain 
reaction with quantitative real-time reverse transcription (qRT-PCR). 
Eritoran-treated mice showed significantly blunted pro- and anti- 
inflammatory gene expression at each time point (Fig. 4a and Sup- 
plementary Fig. 3A; P< 0.001), as early as 3 h after treatment on day 2. 
Supplementary Fig. 3B shows that influenza induced type I, II and III 
interferon (IFN); however, only Ifnb and Ifng messenger RNA expression 
were blunted by Eritoran treatment. In addition, cotton rats infected 
with the non-adapted human Wuhan H3N2 strain and treated with 
Eritoran showed decreased lung expression of IL-6 and IL-10 (Fig. 4b). 

Ifnb-‘~ mice are highly susceptible to PR8 and are not protected by 
the potent IFN-f inducer, 5,6-dimethylxanthenone-4-acetic acid’®. In 
addition, endogenous IFN-f is required for normal basal and LPS-inducible 
expression of many proinflammatory cytokines in macrophages”. 
PR8-infected Ifnb-’~ mice were not protected by Eritoran (Supplementary 
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Figure 3 | Treatment with Eritoran reduces lung viral titres. a, b, Mice were 
infected with PR8 and then either left untreated (NT) or were treated with 
Eritoran (E5564) as described in Fig. 1a, and were killed on days 2, 4, 6 (a) and7 
(b) after infection. a, Results represent the combined results of 2 separate 
experiments (5 mice per treatment group per experiment); *P < 0.05. b, Day 7 
after infection (7 mice per treatment group); *P < 0.001. 
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Figure 4 | Eritoran treatment suppresses influenza-induced cytokine gene 
expression. a, b, Mice (a) and cotton rats (b) were treated as described in Fig. la 
and killed on days 2 (3h after treatment), 4 and 6 after infection (4 mice per 
treatment group per experiment; data are mean + s.e.m. from 2 separate 
experiments; P < 0.01 at each time point). Lungs were processed for total RNA and 
subjected to RT-PCR for detection of specific gene expression. NT, not treated. 


Fig. 4). This indicates that although both pro-inflammatory and Ifnb 
gene expression are blunted in PR8-infected, Eritoran-treated wild-type 
mice (Fig. 4a, b), the elaboration of some IFN-f is required for antiviral 
protection in the absence of significant priming. 

Most potent activation of TLR4 by LPS depends on LPS binding protein 
(LBP)-catalysed extraction and transfer of individual LPS molecules 
from aggregated LPS to CD14 and then from CD14 to MD2, followed 
by engagement and dimerization of TLR4. Crystallographic analysis 
revealed that Eritoran, like LPS lipid A monomer, binds in the deep 
hydrophobic pocket of MD2; however, in contrast to lipid A, Eritoran 
fails to induce TLR4 dimerization and activation, thus acting as a TLR4 
antagonist”®. 

We confirmed the finding” that PR8-induced lethality in mice was 
TLR4 dependent (Fig. 5a), but also found, surprisingly, that influenza 
mortality was not CD14 dependent, as indicated by the similar mortality 
resulting from PR8 infection in wild-type and Cd14 ’~ mice versus the 
resistance of Tlr4’~ mice (Fig. 5a). These findings suggest that TLR4- 
dependent influenza mortality is mediated by influenza-induced TLR4 
agonists that, unlike LPS, do not depend on CD14 for engagement and 
activation of TLR4/MD2. By contrast, the protection induced in wild-type 
mice when Eritoran treatment is started on day 2 after infection is 
absent in Cd14-/— mice, indicating that the protective effect of 
Eritoran in this influenza infection model is CD14 dependent (Fig. 5a). 

One possible explanation for the CD14 dependence of Eritoran-mediated 
protection is that engagement by Eritoran of MD2 and antagonism of 
TLR4 depends on CD14. To test this possibility, we assayed in vitro the 
capacity of Eritoran to bind CD14 and MD2 by measuring inhibition 
by Eritoran of LBP-dependent transfer of tritiated lipooligosaccharide 
(PH]LOS; the LPS of Neisseria) to CD14 (Fig. 5b, left), as well as the 
transfer of [*H]LOS from CD14 to MD2 (Fig. 5b, right). As the inhibi- 
tory effect of Eritoran on the transfer of (H]LOS to MD2 is 100 times 
more potent when LBP and soluble CD14 are present, this indicates 
that the interaction of Eritoran with MD2 occurs most efficiently after 
LBP-dependent interaction of Eritoran with CD14. 

Although MD1, a homologue of MD2 that also binds lipid A”’, was 
considered as an alternative target for Eritoran, this possibility was 


©2013 Macmillan Publishers Limited. All rights reserved 


a 
jo} 
oO 


Survival (%) 


[SH]JLOS captured (% of control) 
ine} oa 
oa co 


0 + 1 1 
0 5 10 15 0 5 10 15 
Time after infection (d) 
-@-PR8 only —@-E5564 


Figure 5 | Molecular requirements of Eritoran-induced protection. a, Wild- 
type (WT), Tira, Cdl4-/-, Tlr2-" mice were either untreated (filled 
circles), or treated with E5564 (open circles) 2 days after infection, for 5 
successive days. Wild-type data were combined from 5 separate experiments 
(5-6 mice per treatment group per experiment), Tlr4 ‘~ data from 3 separate 
experiments (5-6 mice per treatment group per experiment), Cd14 ’~ mice 
(2 separate experiments; 5 mice per treatment group per experiment), and 
Tlr2 ’~ mice (2 separate experiments; 4—5 mice per treatment group per 
experiment). Wild-type: untreated versus E5564 treatment (P < 0.0001); 
Tlr4’~: untreated versus E5564 treatment (P = non-significant (NS)); 
Cd14~‘~: untreated versus E5564 treatment (P=NS); TIr2-’~: untreated 
versus E5564 treatment (P = NS). b, Dose-dependent Eritoran inhibition of the 
transfer and binding of monomeric [*H]LOS from aggregated (agg.) [7H]LOS 


dismissed because MD1 failed to substitute for MD2 to enable TLR4 
signalling (Supplementary Fig. 5). 

Diacylated lipids can act as TLR2 agonists. Hence, if oxidized host 
phospholipids (for example, OxPAPC) have a role in TLR4-dependent 
influenza, it is conceivable that these diacylated lipids could also engage 
TLR2-containing receptor complexes and that influenza-induced mortality 
might also be TLR2 dependent. However, Tlr2~’~ mice showed a similar 
susceptibility to PR8 infection as wild-type mice (Fig. 5a), arguing against 
an important role for TLR2 in influenza-induced mortality. Remarkably, 
however, protection induced by Eritoran treatment beginning at day 2 
after infection was absent in Tlr2’’~ mice, suggesting a novel role for 
TLR2 in Eritoran action. 

If the PR8-induced acute lung injury and mortality we have 
observed is due substantially to influenza-induced oxidized host phos- 
pholipids, as previously proposed’, these compounds should show 
preferential activation of TLR4 (versus TLR2) and be inhibited by 
Eritoran. Commercially obtained OxPAPC comparably activated 16 
gene expression in wild-type and Tlr2 ‘~ peritoneal macrophages, but 
was inhibited by ~84% in Tira ‘~ macrophages when compared to the 
wild-type response. Cellular activation by OxPAPC was also signifi- 
cantly inhibited by Eritoran, including the low level of TLR4-independent 
production of [6 mRNA observed in Tir4_’~ macrophages (Supplemen- 
tary Fig. 6). This indicates that the response to OxPAPC is predominantly 
TLR4 dependent and Eritoran sensitive. 

Toassess the effect of Eritoran on production of oxidized phospholipids 
during infection, matrix-assisted laser desorption ionization-imaging 
mass spectrometry (MALDI-IMS) was used to identify alterations in the 
lipid composition of mouse lungs after PR8 infection, with or without 
Eritoran treatment. Predicted oxidation products (mass to charge ratio (m/z) 
650, 830) of 1-palmitoyl-2-arachidonayl-sn-glycero-3-phosphocholine 
(PAPC), or other polyunsaturated phosphatidylcholines, as described 
previously’, were detected in greater abundance in PR8-infected versus 
mock-infected or infected and Eritoran-treated lungs (Supplementary 
Fig. 7). These results were confirmed by electrospray ionization—mass 
spectrometry (data not shown). Together, these results indicate that 
oxidized phosphatidylcholines are present in influenza-infected lungs 
and show that treatment with Eritoran reduces the relative abundance of 
these characteristic ions. Thus, Eritoran treatment of influenza-infected 
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to soluble CD14 (sCD14), and from [*H]LOS.sCD14 to MD2. Samples 
containing PHJLOS aggregates (0.2 nM), Hiss—sCD14 (~0.5 nM), and 
increasing concentrations as indicated of Eritoran or unlabelled LOS (left) or 
2nM [PH]LOS.sCD14, approximately 2 nM His.—MD2, and increasing 
concentrations of Eritoran (or placebo) + LBP (50 pM) and sCD14 (2 nM) 
(right) were incubated for 30 min at 37 °C, followed by addition and incubation 
with NiFF Sepharose beads to capture His-tagged proteins. Formation of 
complexes of PHJLOS with His,-sCD14 (left) or MD2 (right) was assayed by 
measuring co-capture of [*H]LOS by NiFF Sepharose as previously described”. 
Data are expressed as per cent of co-capture of [*H]LOS observed in the 
absence of added Eritoran. Data show mean + s.e.m. of 3 separate experiments 
with duplicate samples for each dose. 


mice not only blocks the cytokine storm exacerbated by influenza- 
induced endogenous TLR4 agonists, but also inhibits the production 
and accumulation of certain oxidized phospholipids in infected lungs, 
including OxPAPC and possibly others. 

Our findings provide further support for a prominent role of influenza- 
induced oxidized host phospholipids in TLR4-dependent acute lung 
injury and mortality, and demonstrate a novel therapeutic potential of 
Eritoran towards this and, potentially, other respiratory infections. In 
the hypothetical model shown in Supplementary Fig. 8, we would predict, 
based our data, that Eritoran blocks oxidized-phospholipid-induced 
TLR4 signalling, thereby mitigating the cytokine storm and subsequent 
potentiation of phospholipid oxidation induced by ROS. Our failure to 
detect commensal bacteria or LPS in lung homogenates from PR8- 
infected mice suggests that the disease manifestations are not the result 
of secondary bacterial infection (data not shown). The TLR2 and CD14 
independence of influenza mortality is consistent with the selective 
agonist properties of at least certain oxidized host phospholipids that 
we have observed and suggests that these compounds, unlike most LPS 
species, can engage MD2/TLR4 in the absence of CD14, perhaps by inter- 
acting with an alternative lipid acceptor/donor such as albumin”. By 
contrast, the CD14 and TLR2 dependence of the therapeutic action of 
Eritoran may reflect CD14-dependent engagement of MD2/TLR4 by 
Eritoran, precluding the action of endogenous TLR4 agonists generated 
after initiation of infection and early tissue alterations, as well as un- 
characterized interactions of Eritoran with TLR2-containing receptors. 
This possibility is supported by the observation that mycobacterial 
lipoarabinomannan requires CD14 for TLR2 activation*. That influ- 
enza infection modulates TLR2 expression in many cell types*”®, and 
synthetic TLR2 ligands provide prophylaxis against lethal influenza 
infection’, strengthens the notion that TLR2-containing receptors 
may provide another target for Eritoran. These findings underscore 
the novel therapeutic utility of Eritoran, either used as a monotherapy 
or, more likely, as an adjunct to antiviral agents. The utility of Eritoran is 
further enhanced by its well-documented safety profile’. 

Many drugs targeting endotoxin or the endotoxin-induced cytokine 
storm were originally developed for use in sepsis, yet none have emerged 
as effective therapeutics for sepsis. Moreover, whereas many of these 
drugs failed to provide therapeutic protection in animal models of 
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endotoxicity or in clinical trials in septic humans, they were found to be 
of great benefit in other, more localized models of inflammation (such 
as rheumatoid arthritis and inflammatory bowel disease). Our data 
suggest that Eritoran might follow a similar development pathway. 
Eritoran demonstrated remarkable activity in vitro and in vivo*** in 
endotoxin challenge studies when administered prophylactically or very 
early in the ‘sepsis cascade’. A non-statistically significant improvement 
in mortality was also observed in a small phase 2 severe sepsis study”. 
The phase 2 study design and statistical power calculations were 
expanded to perform a single dose, placebo-controlled phase 3 severe 
sepsis study (the ACCESS study) in which 1,984 patients were treated 
in a 2:1 ratio of drug and placebo. The results of this study demon- 
strated that new treatment regimens including aggressive fluid resus- 
citation and early goal-directed therapy markedly reduced mortality in 
the placebo group; however, further benefit to septic patients was not 
observed with Eritoran treatment*’. Thus, it is notable that in this 
study, Eritoran prevented mortality when administered up to 6 days 
after influenza infection of mice. This more practical timing of treat- 
ment may enable effective clinical treatment of influenza and, perhaps, 
other infectious agents. 


METHODS SUMMARY 


In vivo measurements. Mice and cotton rats were infected i.n. as indicated with 
influenza virus, followed by administration of control or Eritoran i.v. Survival, 
clinical score, weight loss, cytokine gene expression, viral titres, OxPAPC abund- 
ance and ALT/AST levels were measured. 

Cell culture measurements. Primary murine macrophage cultures were treated 
with TLR agonists or OxPAPCwith or without Eritoran, and I/6 mRNA was 
measured by qRT-PCR. 

Biochemical measurements. The ability of Eritoran to inhibit binding of LPS to 
CD14 or the transfer of LPS from CD14 to MD2 was carried out as reported”. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Reagents. Eritoran (E5564) and its corresponding placebo (vehicle only) were 
provided by Eisai, Inc. Eritoran was prepared at 2.33 mgml ' in sterile, endo- 
toxin-free water and diluted for injection in sodium-bicarbonate-buffered 5% 
dextrose water. OxPAPC was purchased from Hycult Biotech. Escherichia coli 
K235 LPS was prepared as previously described’. Pam3Cys was purchased from 
EMC Microcollections. 
Mice and cotton rats. Six- to eight-week old wild-type C57BL/6], Tir2-/~ and 
Cd14~/~ mice were purchased from The Jackson Laboratory. Tir4’~ mice (provided 
by S. Akira) on a C57BL/6 background, were bred in a University of Maryland, 
Baltimore accredited facility. Inbred young adult (4-8 weeks old) cotton rats 
(S. hispidus) were bred at Sigmovir Biosystems. All animal experiments were 
conducted with Institutional Animal Care and Use Committee approval from 
the University of Maryland, Baltimore and Sigmovir Biosystems. 
Virus. Mouse-adapted H1N1 influenza A/PR/8/34 virus (PR8; ATCC) was grown 
in the allantoic fluid of 10-day-old embryonated chicken eggs as described’, and 
was provided by D. Farber. Non-adapted human influenza virus strain A/Wuhan/ 
359/95 (H3N2), and A/Brisbane/59/07 (H1N1) was obtained and grown as pre- 
vious described**. Non-adapted human influenza A/California/07/2009 strain 
(human pandemic H1N1) was provided by T. Ross. 
Virus challenge and treatments. C57BL/6J wild-type, Tira-’-, Tlr2-’~ and 
Cd14~’~ mice were infected with mouse-adapted influenza virus, strain A/PR/ 
8/34 (PR8; ~7,500 TCIDso, in., 251 per nares) or the non-adapted human 
pandemic HINI strain, A/California/07/2009 (~10’ TCIDso, in.). This dose 
was found in preliminary experiments to kill ~90% (PR8) or ~75% (human 
HIN1) of infected mice. Two days after infection, mice received either placebo 
or Eritoran (E5564; 200 1g per mouse in 100 ul, i.v.) daily (day 2 to day 6). In some 
experiments, some groups of mice were treated with Eritoran starting at day 4 or 
day 6 after infection and treated for 5 or 3 consecutive days, respectively. In some 
experiments, some mice were infected with ~10,000 or 20,000 TCIDs9 PR8. Mice 
were monitored daily for survival, weight loss, and clinical signs of illness (for 
example, lethargy, piloerection, ruffled fur, hunched posture, rapid shallow breath- 
ing, audible crackling) for 14 days. A clinical score ranging from 0 (no symptoms) 
to 5 (moribund) was ascribed to each mouse daily’. In some experiments, mice 
were killed at the indicated times after infection to harvest serum for liver enzyme 
levels or lungs for analysis of gene expression, lung pathology, or viral titres. 
Cotton rats were infected with non-adapted human influenza strain A/Wuhan/ 
359/95 (H3N2; ~ 10’ TCIDso or p-fu., in., 50 ul per nares). Two hours after 
infection, animals received E5564 (200 ig per rat in volume, retro-orbital) daily 
for 5 days (days 0-4). Animals were killed at day 4 post-infection to determine lung 
pathology and total RNA for measuring gene expression by real-time PCR. 
Histopathology. Lungs were inflated and perfused, and fixed with 4% PFA. Fixed 
sections (8 um) of paraffin-embedded lungs were stained with H&E. Slides were 
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randomized, read blindly, and examined for tissue damage, necrosis, apoptosis 
and inflammatory cellular infiltration. 

Pulse oximetry measurements. At 6 days after infection, per cent arterial oxygen 
saturation was measured on individual mice that were lightly anaesthetized with 
nebutol. An extra small collar sensor and a Small Animal Oximetry Restraint 
Device (Starr-Gate) was used as per the manufacturer’s instructions. 

Viral titration. Virus titres were obtained from supernatants of lung homogenates 
of PR8-infected mice that were either left untreated or treated with Eritoran and 
harvested on days 2, 4, 6 and 7 after infection, and expressed as TCIDso per ml as 
described previously’. 

qRT-PCR. Total RNA isolation and qRT-PCR were performed as previously 
described’. Levels of mRNA for specific genes are reported as relative gene express- 
ion normalized to mock-infected lungs. 

Liver enzyme levels. Serum was collected on day 7 from C57BL/6] wild-type mice 
that were either mock-infected with saline or infected with PR8, and were either 
left untreated or treated with Eritoran (E5564) starting on day 2 after infection. 
ALT and AST levels were measured using a Dimension Vista System Flex Reagent 
cartridge (Siemens Healthcare Diagnostics). 

Macrophage cell cultures and treatment. Thioglycollate-elicited peritoneal 
macrophages from wild-type, Tir4-/~ and Tlr2/~ mice were enriched as described® 
after plating in 12-well (2 x 10° cells perwell) tissue culture plates. Macrophages 
were pre-treated with E5564 (10 ng ml ') for 1h and then stimulated with LPS 
(10 ng ml '), P3C (300 ng ml ') or OxPAPC (20 Lig ml ') for 8h. 
MALDI-IMS. Mouse lung tissue was snap frozen by floating in an aluminium foil 
raft on liquid nitrogen. Tissues were cryosectioned (unfixed and unembedded) in 
12 1m sections, each section was transferred to a conductive MALDI-IMS glass 
slide, heat-fixed until visibly dry (approximately 30-60 s), and desiccated for at 
least 1h. A 12.5 mgm! solution of norharman MALDI matrix solvated in chlor- 
oform:methanol:water (1:2:0.8, v:v:v) was spray coated onto slides using the 
Bruker ImagePrep device. MS data was collected in positive mode (detection 
range: m/z 400-900), raster width 150 1m, 500 shots per raster, on a Bruker 
Daltonics AutoFlex Speed Matrix-Assisted Laser Desorption Ionization Time- 
of-Flight/Time-of-Flight Mass Spectrometer (MALDI-TOF/TOF MS; source) 
using flexControl software. Subsequently, the data were analysed using flexImaging 
software. After IMS analysis, the matrix was stripped in 70% methanol and tissue 
sections were restained by H&E for gross histological reference using standard 
protocols. All MALDI-IMS specific materials, equipment, instruments and software 
were obtained from Bruker Daltonics. Unless otherwise specified, all reagents were 
purchased from Sigma-Aldrich. 

Statistics. Statistical differences between two groups were determined using an 
unpaired, two-tailed Student’s t-test with significance set at P< 0.05. For compar- 
isons between =3 groups, analysis was done by one-way ANOVA followed by a 
Tukey’s multiple comparison test with significance determined at P< 0.05. For 
survival studies, a Log-Rank (Mantel-Cox) test was used. 
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The microRNA miR-235 couples blast-cell 
quiescence to the nutritional state 


Hidefumi Kasuga’, Masamitsu Fukuyama’, Aya Kitazawa’, Kenji Kontani’ & Toshiaki Katada’ 


The coordination of stem- and blast-cell behaviours, such as self- 
renewal, differentiation and quiescence, with physiological changes 
underlies growth, regeneration and tissue homeostasis’ *. Germline 
stem and somatic blast cells in newly hatched Caenorhabditis elegans 
larvae can suspend postembryonic development, which consists of 
diverse cellular events such as migration, proliferation and differ- 
entiation, until the nutritional state becomes favourable (termed L1 
diapause**). Although previous studies showed that the insulin/ 
insulin-like growth factor (IGF) signalling (IIS) pathway regulates 
this developmental quiescence* *, the detailed mechanism by which 
the IIS pathway enables these multipotent cells to respond to nutrient 
availability is unknown. Here we showin C. elegans that the microRNA 
(miRNA) miR-235, a sole orthologue of mammalian miR-92 from 
the oncogenic miR-17-92 cluster®”®, acts in the hypodermis and glial 
cells to arrest postembryonic developmental events in both neuroblasts 
and mesoblasts. Expression of mir-235 persists during L1 diapause, 
and decreases upon feeding in a manner dependent on the IIS path- 
way. Upregulation of one of the miR-235 targets, nhr-91, which 
encodes an orthologue of mammalian germ cell nuclear factor, is 
responsible for defects caused by loss of the miRNA. Our findings 
establish a novel role of a miR-92 orthologue in coupling blast-cell 
behaviours to the nutritional state. 

miRNAs are a class of small RNAs that repress expression of target 
messenger RNAs by base pairing with imperfect complimentary sequences 
in their 3’ untranslated regions (3’ UTRs)’’. miRNAs have been found 
to control various functions of stem and blast cells such as pluripotency’” 
and stage-specific cell fate’*"*. Thus, we proposed that an miRNA has a 
critical role in regulating L1 diapause. Among the stem and blast cells 
that initiate postembryonic development during the L1 stage, we focused 
on reactivation of quiescent P neuroblasts owing to ease of detection; 
the process first begins with migration from the ventra-lateral sides 
towards the ventral midline (Fig. 1a). After screening 85 lines of miRNA 
mutants covering deletions of 105 individual miRNAs”, only animals 
carrying mir-235(n4504) showed defects in arresting migration of P 
neuroblasts when cultured under nutritionally poor conditions after 
hatch (Fig. 1b, c and Supplementary Fig. 2). 14504 deletes the entire 
stem-loop structure of the miR-235 miRNA, an orthologue of human 
miR-92 from the oncogenic miR-17-92 cluster”, and the putative 
promoter region of the adjacent protein-coding gene, T09B4.7 (Sup- 
plementary Fig. 3). In fed larval stage (L)1 larvae, migrated P cells 
subsequently undergo several rounds of cell division, and some of their 
descendants then differentiate into motor neurons’® (Supplementary 
Fig. 4a). Similarly, P cells in some starved mir-235(n4504) animals develop 
further to give rise to motor neurons (Supplementary Fig. 4b). In 
addition to P cells, starved mir-235(n4504) L1 larvae fail to maintain 
quiescence in M mesoblasts, the reactivation of which occurs around 
the same time as that of P cells in feeding wild-type larvae (Fig. la—c 
and Supplementary Fig. 2). 

In addition to blast-cell reactivation, other postembryonic develop- 
mental events such as moulting, expression of mlt-10 and lin-42a— 
both of which are required for proper moulting'”'*—and upregulation 
of the developmental timer, lin-4 miRNA'*”’, are also induced in 


starved mir-235(n4504) animals (Fig. lb-d and Supplementary Fig. 2). 
We noticed that P-cell migration, M-cell division and moulting appar- 
ently occur in that order in starved mir-235(n4504) animals, as the 
event/s later in the sequence never took place without the event/s 
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Figure 1 | mir-235 is required for suppressing blast-cell reactivation and 
other postembryonic developmental events during starvation-induced L1 
diapause. a, Early L1 development in P and M blast cells. b, Wild-type and mir- 
235(n4504) L1 larvae after 3-day starvation (see Methods). Left, neuronal 
(arrows) and migrated P cells (arrowheads) in the ventral nerve cord; middle, M 
cells marked by Phlh-8::gfp expressed by ayls6 (ref. 29); right, L1-specific alae 
(arrowheads) disappear after L1 larvae complete moulting. Scale bars, 5 jum. 
c, Rescue experiments. Mutated nucleotides of mir-235* are shown in red. All 
strains carried ayIs6 to visualize M cells. Error bars show standard error of the 
mean (s.e.m.). d, Relative abundance of lin-4, lin-42a and mlt-10 transcripts in 
wild-type and mir-235(n4504) mutant larvae was determined by quantitative 
real-time polymerase chain reaction with reverse transcription (qRT-PCR). 
Error bars show standard deviation (s.d.). In this and subsequent figures, 
graphs were created using data from =3 independent experiments, and =35 
animals were scored for each experiment unless otherwise indicated. 
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earlier having first occurred. This may reflect concerted regulation of 
these events. On the other hand, both Z2/Z3 germline stem cells and 
Z1/ZA somatic gonadal precursors, which normally initiate prolifera- 
tion during L1 stage”, were kept mitotically arrested in starved mir- 
235(n4504) larvae (n = 110). These observations suggest that n4504 
impairs a genetic pathway that arrests diverse postembryonic devel- 
opmental events in a subset of somatic lineages. This contrasts with 
cyclin-dependent kinase inhibitor 1 (cki-1), which specifically regulates 
cell-cycle arrest downstream of the IIS pathway during L1 diapause*®. 

Introduction of the genomic fragment spanning the mir-235 locus 
restored the developmental quiescence defects of mir-235(n4504) animals 
(Fig. 1c). By contrast, restoration of the phenotypes was completely 
blocked when the genomic fragment was mutated in its “seed sequence’ 
(referred to as mir-235*; Fig. 1c), which is generally essential for target 
recognition’. Furthermore, tm4127, which deletes a significant portion 
of the coding region of T09B4.7 (Supplementary Fig. 3), did not cause 
defects in developmental arrest like n4504 (n = 155). Thus, these find- 
ings indicate that mir-235 activity is essential for maintaining devel- 
opmental arrest. 

To reveal the spatiotemporal pattern of mir-235 expression, we next 
generated transgenic worms that expressed green fluorescent protein 
(GFP) under the control of 2.3 kilobases (kb) of the 5’ upstream region 
of the miR-235 stem-loop (Pmir-235::gfp). Pmir-235::gfp is apparently 
expressed in the entire hypodermis from late embryogenesis to adult 
(Supplementary Fig. 5). In addition to the hypodermis, its expression 
was also seen in glia-like socket cells surrounding amphid neurons 
during L1 diapause (AmsoL/R; Fig. 2a, b). These observations prompted 
us to examine in which tissue mir-235 functioned to maintain the develop- 
mental arrest. 
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Figure 2 | mir-235 acts in the hypodermis and glia. a, b, Expression of 
Pmir-235::gfp during L1 diapause. a, Seam, hyp7 and P cells are the major 
hypodermal cells that cover most of the body, and are labelled V, hyp7 and P, 
respectively. b, The arrow indicates a cell body, and arrowheads indicate a 
process of an amphid socket cell (AmsoL/R). Scale bars, 10 um. ¢, Effects of 
tissue-specific expression of mir-235 on the defects of mir-235 mutants. Data 
for untransformed animals are the same as Fig. 1c. Error bars show s.e.m. 
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Expression of mir-235 under the control of the hypodermis-specific 
dpy-7 promoter restored the defects caused by mir-235(n4504) in sup- 
pressing reactivation in P and M cells, and moulting (Fig. 2c). The dpy- 
7 promoter is active in most hypodermal cells including P neuroblasts, 
raising the possibility that mir-235 autonomously regulates P-cell migration. 
However, all the phenotypes were also suppressed by expressing mir-235 
in the hypodermis excluding P neuroblasts (Supplementary Fig. 6), 
suggesting that the hypodermal activity of mir-235 can non-autonomously 
regulate P and M blast cells. Similarly, expression of mir-235 driven by 
the pan-neuronal rgef-1 promoter as well as the glial enhancer of the 
ztf-16 gene, both of which are active in amphid socket cells, can also 
restore the defects of mir-235(n4504) animals (Fig. 2c and Supplemen- 
tary Fig. 7). By contrast, expression of mir-235 driven by the pgp-1 
promoter in the intestine, in which expression of Pmir-235::gfp was not 
detected, did not affect the defects (Fig. 2c). Thus, these observations 
support the model that mir-235 activities in the hypodermis and 
amphid socket glia redundantly maintain developmental arrest. 

To reveal the temporal pattern of mir-235 expression, we next detected 
its transcripts by northern blotting (Supplementary Fig. 8). The level 
of mature miR-235 progressively increased during the period of L1 
diapause (Fig. 3a). Conversely, upon feeding, its expression gradually 
decreased and became almost undetectable after 8 to 10h of feeding, 
around which time P and M cells exit from quiescence (Fig. 3b and 
Supplementary Fig. 9). 

Previous studies showed that loss of daf-16 (foxo orthologue), which 
is negatively regulated by the IIS pathway, results not only in defects in 
arresting somatic developmental events like those seen with mir-235 
(ref. 6), but also in a significant decrease in the survival rate during L1 
diapause®”'. However, loss of mir-235 does not affect the survival rate 
during diapause (Supplementary Fig. 10), suggesting that mir-235 does 
not regulate IIS pathway activity. Conversely, we proposed that the IIS 
pathway is responsible for downregulation of mir-235 upon feeding. 
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Figure 3 | Expression of mir-235 is negatively regulated by feeding via the 
IIS pathway. a-c, Expression of mature miR-235 in starved (a) and 
synchronously grown (b, c) L1 larvae of the indicated genotypes was analysed 
by northern blotting. Synchronized growth was initiated by feeding L1-arrested 
animals (see Methods). The average amount of mir-235 transcript was 
calculated after U6 RNA normalization (n = 3). E, embryonic stage. d, Relative 
abundance of mir-235 transcript in L1 larvae of the indicated genotypes after 
24h LI starvation was analysed by TaqMan qRT-PCR (n = 3). *P <0.05 
(paired two-tailed Student’s t-test). Error bars show s.d. 


©2013 Macmillan Publishers Limited. All rights reserved 


Consistent with this idea, reduced activity of daf-2 (insulin receptor 
orthologue) impaired the feeding-induced downregulation (Fig. 3c 
and Supplementary Discussion). Furthermore, even during L1 diapause, 
the levels of mature mir-235 transcript were further increased in daf- 
2(If) mutants compared with wild-type animals, and this upregulation 
was dependent on the activity of daf-16 (Fig. 3d). Of the 5’ upstream 
region of the miR-235 stem-loop, 2.3 kb does not possess any con- 
sensus DAF-16 binding sites****. Consistent with this, interference of 
the IIS pathway does not significantly affect levels of pri-miR-235 
(Supplementary Fig. 11). Thus, these findings suggest that the IIS 
pathway negatively controls expression of mir-235, probably at the 
post-transcriptional level, coupling it to nutrient availability. 

We next sought to identify a target of miR-235 that has a key role in 
the release of developmental quiescence. Among the miR-235 target 
genes predicted by multiple algorisms such as TargetScan and miRanda, 
we focused our analysis on the nhr-91 gene, because it is among 
several genes whose mRNAs possess more than one miR-235 comple- 
mentary site (Fig. 4a) and its mammalian orthologue, germ cell nuclear 
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Figure 4 | nhr-91 mRNA is a target of miR-235. a, Predicted miR-235 
binding sites on the 3’ UTR of the nhr-91 mRNA. Mutated nucleotides for 
experiments shown in d and e are indicted in red. WT, wild type. b, Relative 
abundance of nhr-91 transcripts in 5-day L1 starved animals determined by 
qRT-PCR. *P < 0.05 (paired two-tailed Student’s t-test; n = 3). ¢, Indicated 
constructs were transformed together as multi-copy extrachromosomal arrays 
for experiments shown in d and e. d, Expression of the reporter transgenes. 
Scale bars, 10 tum. e, Fractions of mCherry-positive animals that show 
detectable GFP-PEST expression. =75 animals were scored for each 
experiment. **P < 0.001 (Scheffé’s method; n = 3). d, e, L1 larvae 
synchronously fed for 12 hat 25.5 °C were used. f, g, nhr-91(tm4713) suppresses 
defects of mir-235 mutants. Data were collected after 5-day L1 starvation. 
**P < 0.001 (unpaired two-tailed Student’s t-test; n = 10 for mir-235(n4504), 
n= 9 for mir-235(n4504);nhr-91(tm4713)). g, Relative amounts of indicated 
transcripts were determined by qRT-PCR. Data for wild type and mir- 
235(n4504) in g are the same as Fig. 1d. *P < 0.05 (paired two-tailed Student’s 
t-test; n = 3). Error bars show s.d. (b, g) and s.e.m. (e, f). 
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factor (GCNF) has been shown to promote differentiation of neural 
stem cells in mice”*”®. The level of nhr-91 transcripts was increased in 
starved mir-235(n4504) L1 larvae, compared with wild type (Fig. 4b). 
In fed wild-type animals, significant upregulation of nhr-91 transcripts 
temporally coincides with downregulation of mature miR-235 after 8 
and 10h of feeding (Fig. 3b and Supplementary Fig. 12a). Similarly, a 
reporter gene, in which the gfp-pest complimentary DNA was inserted 
between the promoter and the 3’ UTR of nhr-91 (Pnhr-91::gfp- 
pest::nhr-91 3' UTR), also showed a burst of expression in the hypo- 
dermis, where Pmir-235::gfp was also expressed, after 8 to 10h of 
feeding (Supplementary Fig. 12b). The level of nhr-91 transcripts was 
further increased in mir-235 mutants compared with wild-type animals 
after 8h of feeding (Supplementary Fig. 12a), suggesting that mir-235 
functions not only to suppress expression of nhr-91 during L1 diapause, 
but also to limit the kinetics of its upregulation when feeding. 

We also assessed the role of miR-235 complementary sequences in 
the nhr-91 3’ UTR, by comparing the effects of wild-type and mutated 
nhr-91 3' UTRs on the expression of upstream-fused gfp-pest (Fig. 4a, 
c-e). These gfp-pest, mir-235 and mCherry genes, the last of which 
facilitates detection of transformed animals, were simultaneously over- 
expressed by the hypodermal-specific dpy-7 promoter (Fig. 4c). Transgenic 
animals that carried the mutated nhr-91 3’ UTR more frequently showed 
de-repression of GFP expression than those harbouring the wild-type 
one (Fig. 4d, e). Finally, although loss of nhr-91 does not result in con- 
stitutive L1 arrest, delay in P-cell migration or any noticeable devel- 
opmental deficiency (data not shown), it significantly suppressed the 
defects caused by mir-235(n4504) during L1 diapause (Fig. 4f, g and 
Supplementary Discussion). Altogether, these findings revealed that 
nhr-91 is one of the key targets of miR-235 in the regulation of devel- 
opmental quiescence. 

We have demonstrated that mir-235 has an essential role in arrest- 
ing diverse postembryonic developmental events including blast-cell 
reactivation, activation of the heterochronic pathway and moulting 
cycle, and that its expression is downregulated by feeding via the IIS 
pathway. In addition to C. elegans, there are several examples of stem- 
and blast-cell behaviours being coupled to nutritional state in mam- 
mals and Drosophila**”’. Because orthologues of miR-235 are found 
among many animal species, it would be of great interest to examine 
whether these miRNAs are also involved in nutritional regulation of 
stem and blast cells. 


METHODS SUMMARY 


C. elegans culture. Sterile L1 animals were prepared for starvation by bleaching 
gravid adults as previously described”. One-hundred thousand embryos were 
hatched in a 15 ml polypropyrene tube containing 10 ml of complete S medium” 
(10 ul of cholesterol (5 mg ml ' in EtOH) per 10 ml of complete S medium were 
added before use) with rotation using a rotator, ROTAMIX (ATR), at approxi- 
mately 30 r.p.m. at 20 °C, and hatched L1 larvae were continuously cultured in the 
same tube. L1 larvae ‘after 3-day L1 starvation’ (Fig. 1b) indicates larvae that were 
allowed to hatch and cultured in nutritionally poor, complete S medium for 3 days 
after the alkali/bleach treatment. To prepare synchronously grown LI larvae 
(Figs 3b, c, 4d, e and Supplementary Figs 9, 12), sterile L1-arrested animals cul- 
tured in M9 buffer at 20 °C for 24h after the bleach treatment were washed in M9 
buffer three times, transferred onto 10cm 4X peptone NGM plates seeded with 
Escherichia coli OP50 strain at a concentration of 100,000 larvae per plate (con- 
sidered to be 0 hour of L1 development), allowed to grow at 25.5 °C, and subse- 
quently harvested at the indicated times. 
Other methods are described in Methods and Supplementary Information. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 
C. elegans culture. Sterile L1 animals were prepared for starvation by bleaching 
gravid adults as previously described*'. One-hundred thousand embryos were 
hatched in a 15 ml polypropyrene tube containing 10 ml of complete S medium”* 
(10 pl of cholesterol (5 mg ml! in EtOH) per 10 ml of complete S$ medium were 
added before use) with rotation using a rotator, ROTAMIX (ATR), at approxi- 
mately 30 r-p.m. at 20 °C, and hatched L1 larvae were continuously cultured in the 
same tube. L1 larvae ‘after 3-day L1 starvation’ (Fig. 1b) indicates larvae that were 
allowed to hatch and cultured in nutritionally poor, complete S medium for 3 days 
after the alkali/bleach treatment. To prepare synchronously grown L1 larvae 
(Figs 3b, c, 4d, e and Supplementary Figs 9, 12), sterile L1-arrested animals cul- 
tured in M9 buffer at 20 °C for 24h after the bleach treatment were washed in M9 
buffer three times, transferred onto 10 cm 4X peptone NGM plates seeded with E. 
coli OP50 strain at a concentration of 100,000 larvae per plate (considered to be 0 
hour of L1 development), allowed to grow at 25.5 °C, and subsequently harvested 
at the indicated times. 
Strains. The strains used in this study are as follows: wild-type Bristol N2, PD4666 
ayls6[Phih-8::gfp], MT17997 mir-235(n4504), CB1370 daf-2(e1370), CF1038 daf- 
16(mu86), YB2072 nhr-91(tm4713), NC138 dpy-20(e1282); wdIs3, NC197 wdIs4; 
dpy-20(e1282), YB2148, YB2149, YB2150 mir-235(n4504); ayls6; tdEx[mir-235 
genomic fragment + Ppgp-1::mcherry::unc-54 3' UTR + pRF4], YB2255, YB2256, 
YB2257 mir-235(n4504); ayIs6; tdEx[mir-235 mutated genomic fragment + Ppgp- 
I:z:mcherry::unc-54 3' UTR + pRF4J, YB2055, YB2056, YB2057 mir-235(n4504); 
ayIs6; tdEx[Pdpy-7::mir-235 + Ppgp-1::mcherry::unc-543' UTR + pRF4], YB1777, 
YB1778, YB1782 mir-235(n4504); ayIs6; tdEx[Prgef-1::mir-235 + Pref-1::mcherry::unc- 
54 3' UTR + pRF4], YB2061, YB2062 mir-235(n4504); ayIs6; tdEx[Ppgp-1::mir-235 + 
Ppgp-1::mcherry::unc-543' UTR + pRF4], YB2414 tdIs43[Pmir-235::gfp::unc-543' UTR 
+ Ppgp-1::mcherry::unc-54 3' UTR + pDP#MM51], YB2311 tdIs38[Pnhr-91::gfp- 
pest:nhr-91 3' UTR + Ppgp-1::mcherry::unc-54 3' UTR + pDP#MM51], YB2242, 
YB2243 unc-119(ed4); tdEx[Pdpy-7::gfp::nhr-91 3' UTR + Pdpy-7::mcherrry::unc- 
54 3' UTR + Pdpy-7::mir-235 + pDP#MM51], YB2247, YB2248 unc-119(ed4); 
tdEx[Pdpy-7::gfp::nhr-91 mutated 3’ UTR + Pdpy-7::mcherrry::unc-54 3' UTR + 
P dpy-7::mir-235 + pDP#MM51], YB2474, YB2475 mir-235(n4504) ; ayIs6 ; tdEx1651, 
tdEx1652[Pztf-16::mir-235 + Pztf-16::gfp::unc-54 3' UTR + pRF4], YB2513, YB2514, 
YB2515 mir-235(n4504) ;ayIs6;tdEx 1640, tdEx1641, tdEx1642[Pdpy-7::QF::SL2::mcherry:: 
unc-54 3' UTR + Phlh-3-enhancer::delta-pes-10::QS::SL2::mcherry::unc-54 3' UTR + 
QUAS::mir-235 + QUAS::9fp::unc-54 3' UTR + pRF4]. 

Construction of plasmids is described in Supplementary Information. 
Measurement of survival rate during L1 diapause. To determine survival rates 
during L1 diapause, 100,000 embryos were hatched and subsequently starved in 
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10 ml M9 buffer in a 15 ml tube at 20 °C with rotation as described above. Viability 
was scored as previously described"". 

Total RNA isolation. Worms were harvested and washed with M9 buffer several 
times to remove E. coli. One millilitre of RNAiso plus (TAKARA) was added and 
vortexed with acid washed beads (SIGMA; diameters 425-600 ttm) for 15 min. 
After extraction using chloroform and acid phenol (pH 5.0)/chloroform (1:1) 
solution, total RNA was precipitated, adding an equal volume of isopropanol, 
and was subsequently washed with 70% of ethanol. RNA was finally dissolved 
in RNase-free water and the absorbance was measured to certify its quality. 
Northern blotting. An appropriate amount of total RNA was mixed with an equal 
volume of 2X formamide loading dye (98% of deionized formamide, 10 mM of 
EDTA pH 8.0, 0.025% of xylene cyanol, 0.025% of bromophenol blue) and dena- 
tured by heating at 65°C for 15min. Total RNA was separated with 15% of 
denaturing polyacrylamide (urea/TBE) gels with 0.5 TBE buffer, transferred 
to Hybond-N+ (GE) by the semi-dry method (300 mA, 3h), and then fixed to 
membranes by ultraviolet exposure (120 mJ cm ”). These membranes were pre- 
hybridized by prehybridization/hybridization solution (5 SSC, 20 mM NazHPO, 
pH 7.0, 7% SDS, 3X Denhardt’s solution, denatured salmon sperm DNA (1 1g 
ml‘) at 42°C for 30 min. Subsequently, probes were added and hybridized at 
42°C overnight. miR-235-specific StarFire probe (IDT) was used as the probe for 
mature miR-235. The probe for U6 (TGTCATCCTTGCGCAGG) was prepared 
by 5’-end labelling using T4PNK (TAKARA). The hybridized membrane was 
washed twice by 2X SSC, 0.1% SDS, and once by 0.2 SSC, 0.1% SDS at 42 °C 
for 15 min for each. The hybridization signals were analysed using Typhoon 9200 
(GE), and their intensities were measured using ImageJ. 

qRT-PCR analysis. cDNA was synthesized from 1 jig of total RNA with anchored 
oligonucleotide (dT) and random hexamer primers using Transcriptor High 
Fidelity cDNA Synthesis kit (Roche) or ReverTra Ace qPCR RT Master Mix with 
gDNA Remover (TOYOBO), and RT-PCR was performed with THUNDERBIRD 
qPCR Mix (TOYOBO) using StepOne Plus (Applied Biosystems) according to the 
manufacturer’s protocols. Primers used for RT-PCR: pri-miR-235, AGAGTACC 
CGGAGAGAAACAAATG, TGTCATCTGAAGAAAGGACACACAT; nhr-91, GT 
CAACCGGTCTACATTACGG, ACCGCTTGAAGAATCCTTTG; lin-42a, TGG 
ATATTTTAAGCTACTTGTACGATCT, GITCTGATCCTTGAGGCTTGAGT; mlt-10, 
TACACCGGCCGAGTTTGT, AGACGAGAACAATGAAATCGG; act-1, TGGG 
ACAGAAGGACTCGTACGT, CCGTGCTCAATTGGGTACTTG. For quantifica- 
tion of small RNAs, TaqMan microRNA assay (Applied Biosystems) was used for 
miR-235 and lin-4 as described by the manufacturer. act-1 and sn2841 were used as 
internal controls. Relative abundance was determined by the relative standard 
curve method. 
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Lamin A/C and emerin regulate MKL1-SRF activity 
by modulating actin dynamics 


Chin Yee Ho!?, Diana E. J aalouk’¥, Maria K. Vartiainen® & Jan Lammerding’? 


Laminopathies, caused by mutations in the LMNA gene encoding 
the nuclear envelope proteins lamins A and C, represent a diverse 
group of diseases that include Emery-Dreifuss muscular dystrophy 
(EDMD), dilated cardiomyopathy (DCM), limb-girdle muscular 
dystrophy, and Hutchison-Gilford progeria syndrome’. Most LMNA 
mutations affect skeletal and cardiac muscle by mechanisms that 
remain incompletely understood. Loss of structural function and 
altered interaction of mutant lamins with (tissue-specific) trans- 
cription factors have been proposed to explain the tissue-specific 
phenotypes’. Here we report in mice that lamin-A/C-deficient 
(Lmna'~) and LmnaN!95*/N!95K mutant cells have impaired nuclear 
translocation and downstream signalling of the mechanosensitive 
transcription factor megakaryoblastic leukaemia 1 (MKL1), a myo- 
cardin family member that is pivotal in cardiac development and 
function’. Altered nucleo-cytoplasmic shuttling of MKL1 was caused 
by altered actin dynamics in Lmna~‘~ and Lmna‘'?°*/N!°* mutant 
cells. Ectopic expression of the nuclear envelope protein emerin, 
which is mislocalized in Lmna mutant cells and also linked to EDMD 
and DCM, restored MKL1 nuclear translocation and rescued actin 
dynamics in mutant cells. These findings present a novel mechanism 
that could provide insight into the disease aetiology for the cardiac 
phenotype in many laminopathies, whereby lamin A/C and emerin 
regulate gene expression through modulation of nuclear and cyto- 
skeletal actin polymerization. 

MKL1 (also known as MAL or MRTF-A) is a mechanosensitive 
transcription factor with important roles in the cardiovascular system””. 
Intracellular localization of MKLI is regulated via changes in actin 
polymerization**. Normally, MKL1 is localized in the cytoplasm by 
binding to cytoplasmic G actin and constitutive nuclear export. Mitogenic 
or mechanical stimulation triggers RhoA-mediated actin polymerization, 
liberating MKL1 from G actin and exposing a nuclear localization 
sequence (NLS) within the actin-binding domain of MKUL1 (refs 6, 7). 
Increased nuclear import, coupled with decreased export, causes accumula- 
tion of MKL] in the nucleus, where it co-activates serum response factor 
(SRF) to turn on genes regulating cellular motility and contractility, 
including vinculin, actin and SRF itself*. Because cells from lamin-A/ 
C-deficient mice have impaired activation of mechanosensitive genes 
in vitro and in vivo'°, we investigated whether loss of lamin A/C could 
affect MKL1-SRF signalling. Nuclear translocation of endogenous 
MKLI in response to serum stimulation was severely abrogated in 
Lmna‘~ mouse embryonic fibroblasts (MEFs) compared to wild-type 
controls (Fig. la, c and Supplementary Fig. la). We confirmed these 
findings by time-lapse microscopy of cells expressing MKL1-green fluo- 
rescent protein (GFP) (Figs 1b and 2a) and in lamin-A/C-downregulated 
HeLa cells (Supplementary Fig. 2a, b), indicating that impaired MKL1 
translocation is a general effect of loss of lamin A/C. To test whether 
similar defects could also result from lamin mutations associated with 
DCM, we investigated cells from the LmnaN!6NM5K mouse model 
(subsequently referred to as Lmna N195K cells), which develops severe 
DCM but lacks skeletal muscle involvement’. Lmna N195K MEFs 
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Figure 1 | Impaired nuclear translocation of MKL1 in lamin-A/C-deficient 
and Lmna N195K mutant cells. a, Lmna /~ and Lmna N195K MEFs had a 
lower fraction of nuclear MKL] after serum stimulation than Lmna*'* cells, on 
the basis of MKL1 immunofluorescence. Scale bars, 10 um. b, Time-lapse 
sequences of cells expressing MKL1-GFP stimulated with serum (see 
Supplementary Videos 1-3). Scale bars, 10 lum. ¢, Quantitative analysis of MEFs 
with positive nuclear MKLI staining in response to serum stimulation (n ~ 50 
per cell line). d, Quantitative analysis of myocytes with nuclear MKL1 in cardiac 
sections from Lmna ‘~ and LmnaN'?“/N!°K mice as well as littermate 
controls (n = 3 for each). e, Representative histological cardiac tissue sections 
from Lmna'~ and LmnaN!?°“'N)°% mice and age-matched wild-type 
littermates stained for MKL1 (brown). Red arrows denote example of MKL1- 
positive nucleus; arrowhead denotes an MKL1-negative nucleus. Scale bars, 
20 uum. f, g, Gene expression of serum response factor (Srf) and vinculin (Vcl) in 
Lmna*!*, Lmna~'~ and Lmna N195K MEBs after 1h and 6h of serum 
stimulation. Values were based on three independent experiments and were 
normalized to TATA binding protein (Tbp). h, Gene expression of Srf in 
Lmna‘!* (n=9), Lmnat'~ (n= 11) and Lmna‘~ (n= 10) cardiac tissue. 
Values were normalized to Tbp. i, Gene expression of Srf in Lmna*!* (n= 5) 
and Lmna*'~ (n =7) cardiac tissue collected 1 week after transverse aortic 
constriction (TAC) surgery. Values were normalized to Tbp and compared to 
those from sham mice. Statistical significance determined by Student's t-test, 
compared to Lmna‘’* MEFs; *P = 0.05; **P = 0.01; ****P = 0.0001. Error 
bars indicate s.e.m. 
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Figure 2 | Changes in nuclear import and export are specific to MKL1 and 
are caused by altered actin dynamics in Lmna ‘~ and Lmna N195K cells. 
a, b, Change in nuclear fluorescence intensity over time upon serum 
stimulation in Lmna‘!*, Lmna~/~ and Lmna N195K MEFs expressing 
MKL1-GFP in the absence (a) or presence (b) of leptomycin B. Values were 
normalized to the initial nuclear fluorescence intensity before serum addition. 
n = 20 for each cell line. c, Fluorescence loss in photobleaching (FLIP) 
experiments of MKL1-GFP to measure nuclear export. Increased loss of 
nuclear fluorescence indicates a higher rate of nuclear export of MKL1-GFP in 
lamin mutant cells. n = 10 for each cell line. d, Schematic representation (not 
drawn to scale) of full-length MKL1-GFP (top) and MKL1(1-204)-2 GFP 
(bottom), consisting of the N-terminal actin-binding domain of MKLI fused to 
two GFP moieties. RPEL motifs are depicted in blue and red; NLS in yellow; 


(Fig. la-c and Supplementary Fig. la) and bone-marrow-derived 
mesenchymal stem cells (Supplementary Fig. 1b) had impaired nuclear 
translocation of MKL1. Notably, cardiac sections from Lmna~'~ and 
LmnaN'°“N1°°* mice had significantly reduced fractions of cardio- 
myocytes with nuclear MKL]I (Fig. 1d, e), confirming MKL1 transloca- 
tion defects in vivo and implicating altered MKL1 signalling in the 
development of cardiomyopathies in these animals. 

To characterize the consequences of altered MKLI translocation, we 
assessed expression of select MKLI-SRF target genes. Lmna ‘~ and 
Lmna N195K MEFs had impaired serum-induced expression of Srf 
and vinculin (Fig. 1f, g) and had fewer focal adhesions than wild-type 
controls (Supplementary Fig. 3c, d); expression of an SRF-dependent 
luciferase reporter was also significantly reduced (Supplementary Fig. 3e). 
Cardiac tissues from Lmna ‘~ mice had lower Srf and actin transcript 
levels than those from wild-type littermates, and activation of Srf expression 
in response to left ventricular pressure overload was impaired in Lmna*'~ 
mice (Fig. 1h, iand Supplementary Fig. 3a, b), demonstrating altered 
MKLI-SRF mechanosignalling in vivo. 

Experiments with an NLS-GFP-NES reporter construct consisting 
of GFP fused to an NLS and a nuclear export sequence (NES) revealed 
that general nuclear import and export were preserved in Lmna ‘~ 
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DNA-binding domain (SAP) and transcriptional activation domain (TAD) in 
light blue; coiled-coil domain in purple; other parts of the C terminus in dark 


blue. e, Representative frames from time-lapse series of Lmna*'*, 


Lmna~'~ and Lmna N195K MEFs expressing MKL1(1-204)-2GFP after 
serum stimulation (see Supplementary Videos 4-6). Scale bars, 10 um. 

f, Lmna*'* MEFs showed rapid accumulation of MKL1(1-204)-2 GFP in the 
nucleus upon serum stimulation, whereas nuclear accumulation was slower in 
Lmna~'~ and Lmna N195K cells. Nuclear fluorescence intensity was 
normalized to the initial nuclear fluorescence before serum stimulation. n = 60 
for each cell line. g, FLIP experiments in cells expressing MKL1(1-204)- 
2%GEP. Fluorescence intensity values were normalized to the initial nuclear 
fluorescence intensity before bleaching of a cytoplasmic region. n = 10 for each 
cell line. Error bars indicate s.e.m. 


and Lmna N195K cells (Supplementary Fig. 4), as were levels and locali- 
zation of the nuclear transport factor Ran and its regulator, RCC1 
(Supplementary Fig. 2c-f). We then devised experiments to assess inde- 
pendently nuclear import and export of MKL1. Nuclear import was 
measured by monitoring nuclear accumulation of MKL1-GFP while 
blocking nuclear export with leptomycin B*. Lmna~‘~ and Lmna 
N195K mutant cells had significantly reduced nuclear import of 
MKLI in response to serum stimulation than wild-type controls 
(Fig. 2b), which we confirmed with photoactivatable MKL1-PAGFP 
(Supplementary Fig. 5; see also Supplementary Videos 7-9). Fluorescence 
loss in photobleaching (FLIP) experiments revealed that lamin mutant 
MEFs had a significantly faster decrease in nuclear MKL1-GFP (Fig. 2c) 
than wild-type cells, indicating increased nuclear export of MKL1 in 
Lmna~'~ and mutant MEFs. 

Nuclear import and export of MKL1 are regulated by actin polymerization’, 
requiring interaction between MKL1 and G actin via three amino- 
terminal RPEL motifs'*. We expressed a truncated MKL1 construct, 
MKL1(1-204)-2GEP, which contains the RPEL motifs but lacks the 
transcriptional domains (Fig. 2d) and recapitulates the actin-binding 
characteristics and serum-inducible translocation of full-length MKL1 
(ref. 12). Nuclear accumulation of MKL1(1-204)-2 GFP was substantially 
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lower in Lmna~'~ and Lmna N195K cells than in wild-type cells 
(Fig. 2e, f), indicating that impaired nuclear translocation of MKL1 
was caused by altered actin dynamics in the lamin mutant cells. As seen 
with full-length MKL1-GFP, FLIP studies showed that nuclear export 
of MKL1(1-204)-2GFP was significantly increased in the mutant 
cells (Fig. 2g). In contrast, abrogation of G-actin binding by mutating 
all three RPEL motifs (MKL1(1-204)XXX-2 GFP) or disrupting the 
interaction between G actin and MKL1 with cytochalasin D resulted in 
nuclear accumulation of MKL1(1-204)XXX-2 GFP (Supplementary 
Fig. 6a) and endogenous MKLI (Supplementary Fig. 6b), respectively, 
in all cell types, indicating that MKL1 can enter the nucleus of Lmna ‘~ 
and Lmna N195K cells when decoupled from actin dynamics. 

We subsequently compared actin organization between mutant and 
wild-type cells. Fluorescence recovery after photobleaching (FRAP) 
revealed that nuclear actin, which modulates nuclear export of MKL1 
(ref. 8), was more mobile in Lmna‘~ cells than in wild-type controls 
(Supplementary Fig. 7). Lmna~‘~ and Lmna N195K MEFs also had a 
larger fraction of highly mobile cytoplasmic actin (Fig. 3a). Further- 
more, Lmna~/~ and Lmna N195K cells were slower to reassemble 
stress fibres after disruption of actin filaments with cytochalasin D 
(Fig. 3b, c). In addition, whereas wild-type cells increased their ratio 
of F actin to G actin upon serum stimulation, Lmna~‘~ and Lmna 
N195K MEFs had a consistently weaker response (Fig. 3d). These 
findings indicate that actin polymerization is altered in Lmna ‘~ 
and Lmna N195K cells and that altered actin organization may be 
responsible for the impaired nuclear translocation of MKLI. 
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Figure 3 | Lmna~'~ and LmnaN195K cells have altered actin dynamics and 
polymerization kinetics. a, Fluorescence recovery after photobleaching 
(FRAP) studies with GFP-actin revealed increased cytoplasmic actin mobility 
in Lmna~'~ and Lmna N195K cells relative to Lmna*'* controls. n = 20 for 
each cell line. b, Representative images of Lmna*!*, Lmna~‘~ and Lmna 
N195K MEFs stained for actin stress fibres with phalloidin after cytochalasin D 
washout. The right column contains close-up images of the regions marked by 
the yellow rectangle. Scale bars, 10 um. ¢, Lmna*'* MEFs had a larger fraction 
of cells containing stress fibres at 1 h and 2h after cytochalasin D washout than 
Lmna~'~ and Lmna N195K cells. n = 50 for each cell line. d, Comparison of 
F-actin/G-actin ratio in starved and serum-stimulated Lmna*!*, Lmna~‘~ and 
Lmna N195K MEFs based on phalloidin (F actin) and DNase 1 (G actin) 
staining. Difference in the F-actin/G-actin ratio in serum-starved cells was not 
statistically significant (NS); n = 35 for each cell line. *P = 0.05; **P = 0.01; 
***P < 0,001; all comparisons relative to corresponding Lmna*’* cells unless 
indicated otherwise by horizontal bars. Error bars indicate s.e.m. 
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What causes disturbed actin organization in lamin mutant cells? 
Because lamins contribute to nucleo-cytoskeletal coupling and impaired 
nucleo-cytoskeletal coupling can disturb perinuclear actin organiza- 
tion, we tested whether disrupting nucleo-cytoskeletal coupling with 
dominant-negative nesprin mutants (consisting of the KASH domain 
of nesprin) could reproduce defects in MKL1 translocation. However, 
expression of dominant-negative KASH had no effect on MKL1 local- 
ization (Supplementary Fig. 8). Emerin, an inner nuclear membrane 
protein associated with X-linked EDMD", is an actin pointed-end 
capping protein that promotes actin polymerization in vitro’* and 
requires lamin A/C for proper localization. In Lmna’‘~ and Lmna 
N195K MEBs, emerin was more mobile and mislocalized from the nuclear 
envelope compared with wild-type cells (Fig. 4a and Supplementary 
Fig. 9a). Hemizygous emerin-null male mice (Emd ‘”) MEFs displayed 
the same impaired nuclear translocation of MKL1 as lamin mutant 
cells, which could be rescued by re-introduction of exogenous emerin 
(Fig. 4b-d). FRAP studies in Emd 'Y MEFs demonstrated that exogenous 
emerin completely restored actin mobility to levels of wild-type cells 
(Fig. 4e, f). Ectopic expression of emerin also markedly improved 
nuclear translocation of MKL1 in Lmna~'~ and Lmna N195K cells 
(Fig. 4d and Supplementary Fig. 9b) by increasing the amount of emerin 
available at the nuclear envelope. In contrast, expression of emerin 
mutants unable to bind actin and to promote actin polymerization“ 
failed to restore nuclear translocation of MKL1 and caused dominant- 
negative defects in wild-type cells (Fig. 4d). These data indicate that 
emerin is a crucial modulator of actin polymerization and that loss of 
emerin from the nuclear envelope causes disturbed actin dynamics and 
impaired MKL] signalling. 

Taken together, our data suggest a novel mechanism for nuclear 
envelope proteins to regulate MKL1-SRF signalling by modulating actin 
polymerization. We propose that emerin primarily affects nuclear actin 
polymerization, which controls nuclear export and transcriptional 
activity of MKLI (refs 2, 8). Altered MKL1-SRF signalling could then 
further affect cytoskeletal actin, as MKL1 and SRF are master regulators 
for numerous cytoskeletal proteins, including actin and actin-binding 
proteins, consistent with the reduced cytoskeletal stiffness reported in 
Lmna '~ MEFs*'*!°, Given the low levels of emerin at the outer nuclear 
membrane” and the fact that the fraction of emerin at the endoplasmic 
reticulum increases in Lmna ‘~ and Lmna N195K cells (Supplemen- 
tary Fig. 10), it is likely that emerin has only a limited direct effect on 
cytoplasmic actin polymerization. Nonetheless, we cannot exclude the 
possibility that emerin (and lamins) may have additional effects on 
MKLI. For example, direct interaction of lamin A/C with nuclear 
G actin’* could further contribute to the altered actin dynamics in 
Lmna~‘~ and Lmna N195K cells, as lamins, together with emerin and 
spectrin Ila, may form a nuclear cortical actin network". Furthermore, 
emerin can inhibit or reduce the nuclear accumulation of other transcrip- 
tion factors, including B-catenin, Lmo7 and phospho-ERK1/2 (ref. 19). 

Lmna'~ and LmnaN'*/N'°K mice develop DCM and have 
defects in cytoskeletal organization and focal adhesions’”*”’, consistent 
with impaired MKL1-SRE signalling”. Underscoring the crucial role 
of MKL1-SRF in cardiac function, cardiac-specific deletion of SRF in 
adult mice results in DCM”. Considering the marked similarity of the 
cardiac phenotype observed in these mice with those in EDMD and 
DCM patients, we propose that impaired MKLI1-SRF signalling and 
the resulting alterations in cytoskeletal organization may have a pivotal 
role in the development of cardiac defects and muscle phenotypes in 
various laminopathies. Surprisingly, although Emd cells have obvious 
defects in nuclear stability and mechanotransduction signalling**”, 
emerin-deficient mice—unlike human patients with emerin mutations 
—lack an overt muscular phenotype”, indicating additional layers of 
complexity, species-specific differences, and possible compensation in 
the Emd ’Y mice. Nonetheless, Emd '* animals show delays in muscle 
repair’®, consistent with a role of MKL1 in satellite cells and skeletal 
muscle regeneration” and providing additional support for the involv- 
ement of impaired MKLI signalling in nuclear envelopathies. 
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Lmna*’* Lmna- N195K Ema’ 
Figure 4 | Emerin expression rescues actin dynamics and restores MKL1 
nuclear translocation in Lmna~/~ and Lmna N195K cells. a, Representative 
immunofluorescence images showing mislocalization of emerin from the 
nuclear envelope in Lmna /~ and Lmna N195K MEBs. Scale bar, 10 jum. 

b, Emd 'Y MEFs had the same defects in MKLI translocation as lamin mutant 
cells (compare with Fig. 1a). Scale bar, 10 tum. c, Stable expression of HA- 
emerin in Emd '* MEFs restored normal nuclear MKL] localization 

(71.1 + 6.02%) in response to serum stimulation. Scale bar, 10 um. 

d, Quantification of nuclear MKL1 localization upon serum stimulation in 
Lmna*!*, Lmna‘~, Lmna N195K and Emd ‘* MEFs transiently expressing 
GFP-emerin, emerin mutants that do not bind to actin (GFP-M151, 


Our findings further illustrate the wide-ranging impacts of muta- 
tions in nuclear envelope proteins. Treatment of lamin and emerin 
mutant mice with MAPK inhibitors can reduce cardiac and skeletal 
phenotypes*’, which may be attributed at least in part to the effect on 
MKLI signalling, as inhibiting ERK1/2 activity is expected to increase 
nuclear localization of MKL1 by reducing its nuclear export”. These 
findings encourage further approaches to correct impaired MKL1- 
SRF signalling to ameliorate the devastating cardiac disease associated 
with many laminopathies. 


METHODS SUMMARY 


Details for standard cell biology techniques (western blotting, immunofluorescence 
labelling, time-lapse microscopy and photobleaching experiments) can be found in 
the Methods. Mouse models have been described previously''”*”’. All animal work 
was conducted in accordance with relevant guidelines and regulations. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Plasmids. MKL1-GFP was a gift from A. Kapus; MKL1(1-204)-2X GFP, MKL1 
(1-204)XXX-2X GFP, NLS-GFP-NES and MKL1-PAGFP were obtained from 
M. Vartiainen. The NLS-GFP-NES reporter construct consists of GFP fused to an 
NLS and an importin o/B-dependent NES, using the same import/export mech- 
anism as MKL1 (ref. 30). The MKL1(1-204)XXX-2XGFP construct contains 
alanine substitutions in all three of the MKL1 RPEL motifs, which abrogates 
binding to G actin and leads to constitutively nuclear localization independent 
of actin polymerization’. GFP-RCC1 was obtained from B. Paschal. GFP-actin 
was from F. Gertler and emerin-GFP was obtained from H. Worman. 

Lamin and emerin mouse models. Lina ’~ mice along with heterozygous 
(Lmna‘!~) and wild-type (Lmna*'*) littermates were obtained from crossing 
Lmna‘’~ mice. Similarly, LmnaN!°“15* and heterozygous (LmnaN!°*!*) 
and wild-type (Lmna*!*) littermates resulted from breeding LmnaN!°** animals. 
Lmna'~ mice develop severe muscular dystrophy and cardiomyopathy and die at 
4-8 weeks of age”. LmnaN'58/N195K mice develop severe dilated cardiomyopathy 
and die prematurely around 12-16 weeks of age’’. Genotype was determined by 
polymerase chain reaction of genomic tail DNA, as described previously”. The 
mouse colonies were derived from breeders provided by C. Stewart''”*”’. All mice 
were maintained in the animal facility at Cornell University following protocols 
approved by the Cornell University Institutional Animal Care and Use Committee 
(IACUC). 

Cell lines, transfection and drug treatment. Immortalized MEFs from Lmna‘'*, 
Lmna~/~, LmnaN936/N5K and Emd ' mice were a gift from C. Stewart. Cells 
were maintained in Dulbecco’s Eagle’s Modified Media (DMEM) with GlutaMax 
(Gibco, Invitrogen) containing 10% fetal bovine serum (FBS) (PAA), and 1% 
penicillin/streptomycin at 37°C in a humidified atmosphere with 5% carbon 
dioxide. Serum starvation was done by withdrawing serum and incubating the 
cells in 0.3% FBS for 24 h. Starved cells were stimulated with DMEM with 15% FBS. 
Transient transfection was carried out using Lipofectamine Reagent (Invitrogen) 
according to manufacturer’s protocol. 1 ig of plasmid DNA was used per transfec- 
tion reaction. For cytochalasin D (Sigma Aldrich) treatment, a stock of 1 mM was 
prepared by reconstituting the drug in DMSO and a working concentration of 
1 tM was used for all experiments. For leptomycin B (Sigma Aldrich) treatment, a 
working concentration of 5 nM was used for all experiments. 

Antibodies and immunofluorescence staining. Goat anti- MKL1 (C-19 and 
H-180), goat anti-actin (C-11) conjugated with horseradish peroxidase (HRP) 
and goat anti-lamin A/C (N-18) antibodies were purchased from Santa Cruz 
Biotechnology. Mouse anti-Ran antibody (610341) was purchased from BD 
Biosciences. Mouse anti-emerin antibody (NCL-emerin) was a product from 
Novocastra. Mouse anti-paxillin (05-417) was purchased from Millipore. Rabbit 
anti-tubulin (ab6046) was purchased from Abcam. Secondary antibodies conju- 
gated to Alexa-488 or Alexa-568 fluorophores were purchased from Molecular 
Probes (Invitrogen). For immunofluorescence staining, cells grown at subcon- 
fluency were collected and fixed with 4% paraformaldehyde/phosphate-buffered 
saline (PBS) and permeabilized with 0.2% Triton X-100 in PBS for 10 min at room 
temperature. Cells were grown at similar subconfluency for all cell lines tested. 
Primary antibodies in 4% bovine serum albumin in Tris-buffered saline (TBS) 
with 0.05% Tween 20 were incubated for 1 h at room temperature or overnight at 
4 °C. Cells were washed three times and incubated with appropriate secondary 
antibodies for 1h at room temperature. Slides were mounted in Prolong Gold 
Anti-Fade medium with 4’,6-diamidino-2-phenylindole (DAPI) (Molecular 
Probes, Invitrogen). Images were collected and analysed on a Zeiss LSM 700 con- 
focal microscope (Carl Zeiss). Images were captured using identical exposure times 
for each cell line. 

Immunohistochemistry. Hearts from 4-week-old Lmna ’ mice and 8-week-old 
LmnaN°/N1956 mice along with wild-type and heterozygous littermate controls 
were collected and fixed in 4% paraformaldehyde in PBS before processing for 
paraffin embedding and cutting. The sections were deparaffinized with xylene and 
rehydrated. Antigen retrieval was performed by incubation with sodium citrate 
buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) (Invitrogen Inc.) at 95 °C 
for 20 min. The sections were then incubated with 3% hydrogen peroxide (H,O,) 
for 20 min to quench endogenous peroxidase activity. Blocking of nonspecific sites 
was done by incubating the slices with 10% horse serum in PBS for 20 min. Anti- 
MKL1 antibody (Santa Cruz Biotechnologies) was used at 1:50 dilution at 4 °C for 
12-16h to detect endogenous MKLI. A biotinylated anti-goat IgG secondary 
antibody (Vector Laboratories Inc.) was used at 1:400 dilution at room tempera- 
ture for 1h. The biotinylated secondary antibody was then detected using the 
VECTASTAIN ABC system (Vector Laboratories Inc.) which uses a preformed 
macromolecular complex between avidin and biotinylated horseradish peroxi- 
dase. A working solution of 3,3'-diaminobenzidine (DAB) was used as a substrate 
for the peroxidase. The sections were then counterstained with haematoxylin 
before air-drying and mounting. Images were acquired using a Zeiss Aviovert 


/ 


200 inverted microscope (Carl Zeiss) equipped with a X20 objective with an 
AxioCam ICcl. The number of cells positive for nuclear MKL1 was counted 
manually on at least five random microscopic fields per section and normalized 
to the total number of cardiac myocytes. 

Western blotting. Cells were lysed using radioimmunoprecipitation assay (RIPA) 
buffer with freshly added protease inhibitor cocktail. The cells were scraped off 
using a cell scraper and incubated on ice for 30 min. The lysate was then cleared 
by centrifuging at 13,200r.p.m. at 4°C. Protein concentration was estimated by 
Bradford assay. Thirty micrograms of protein re-suspended in Laemmli sample 
buffer was loaded per sample. Cytoplasmic and nuclear fractions were prepared 
using the Pierce NE-PER Nuclear and Cytoplasmic Extraction kit according 
to manufacturer’s instructions. Denatured proteins were resolved on 4-15% 
Nu-PAGE bis-tris polyacrylamide gels and blotted to a polyvinylidene fluoride 
(PVDF) membrane. Blocking was done with incubation in 10% non-fat dry milkin 
TBS with 0.1% Tween-20. The membrane was then probed with primary antibod- 
ies in 5% milk in TBST at 4°C overnight and sequentially detected with horse- 
radish peroxidase conjugated secondary antibodies. The signal was revealed by 
autoradiography using enhanced chemiluminescence (ECL) (Pierce, Thermo 
Fisher Scientific Inc.). 

F- and G-actin assays. For the cytochalasin D washout experiment, MEFs were 
treated with 1 1M cytochalasin D (Sigma Aldrich) for 30 min; subsequent drug 
washout was performed by rinsing the cells with three changes of medium. Cells 
were fixed with 4% paraformaldehyde/PBS at 1h or 2h after washout and then 
permeabilized with 0.2% Triton X-100 in PBS. Stress fibres were visualized using 
Phalloidin-Alexa 568. For fluorescence labelling of F and G actin, starved and 
stimulated Lmna*!*, Lmna/~ and Lmna N195K MEFs were fixed and permea- 
bilized as described above. Cells were then stained with Phalloidin-Alexa 568 to label 
F actin and DNase 1-Alexa 488 (Invitrogen) to label G actin*’. Slides were mounted 
in Prolong Gold Anti-Fade medium with DAPI (Invitrogen). Images were collected 
and analysed on a Zeiss LSM 700 confocal microscope (Carl Zeiss). Images were 
captured using identical exposure times for each cell line. 

Real-time PCR. Total RNA from cell lines was extracted using the Qiagen RNeasy 
kit (Qiagen) according to manufacturer’s instructions. Total RNA from cryo- 
preserved tissues was extracted using TRIzol Reagent (Life Technologies, Invitrogen 
Inc.) according to manufacturer’s instructions. RNA was reverse-transcribed to 
cDNA using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). 
Real-time PCR was carried out using SYBR-Green technology (Applied Biosystems) 
in a total volume of 25 pil. Gene expression for Srf and Vcl was quantified. Values 
were normalized to an endogenous control, TATA binding protein (Tbp), and 
compared to unstimulated samples with the AAC, method. Data are based on 
results from three independent experiments. 

SRE-luciferase assay. SRF forms a complex over the SRE/CArG element upon 
receiving upstream signals from the MAPK pathway and/or the RhoA pathway. 
SRE activity was measured using the Dual-Glo SRE-Luciferase Assay (Promega) 
according to manufacturer’s instructions. Briefly, Lmna*' *. Lmna ‘~ and Lmna 
N195K MEFs were transfected with either the SRE reporter construct or positive 
and negative controls. Dual-luciferase data from starved and serum-stimulated 
transfected cells were then collected on a luminometer. The fold change of SRE 
activity for each cell line was determined by comparing normalized luciferase 
activities of the reporter in stimulated versus starved samples. 

Time-lapse microscopy and photobleaching experiments. For live cell imaging, 
a Zeiss LSM 700 confocal microscope (Carl Zeiss) equipped with a 63 oil 
immersion objective (Carl Zeiss) was used. Cells were maintained at 37°C in 
HEPES-buffered DMEM for the duration of the time-lapse acquisition. Images were 
recorded at 30 s or 1 min intervals and analysed using the Zen software (Carl Zeiss). 
For photobleaching experiments, cells were plated on a coverslip and mounted 
onto a glass slide with a depression containing culture media. Fluorescence loss in 
photobleaching (FLIP) experiments were performed on a Zeiss LSM 700 confocal 
microscope (Carl Zeiss) using the 488 nm laser line. Cells had been serum-stimu- 
lated for 30 min before the experiments. Relative loss in nuclear fluorescence 
during continuous photobleaching of cytoplasmic MKL1-GFP was computed 
by normalizing nuclear fluorescence intensity to pre-bleach values (t= 0). 
Increased loss of nuclear fluorescence indicates a higher rate of nuclear export 
of MKL1-GEFP. For FLIP experiments, two single scans were acquired, followed by 
repeated photobleaching using a single bleach pulse at intervals of 1s for 200 
iterations in defined regions of approximately 30 jum? in the cytoplasm. Single 
section images were then collected at 1s intervals. For imaging, the laser power 
was attenuated to 2% of the bleach intensity. The relative fluorescence intensity ina 
region of interest was determined by normalizing fluorescence intensity in the 
region to the total fluorescence in the same region during prebleach. This method 
provides a means of quantifying nuclear export as the cytoplasmic pool of fluor- 
escent protein is rapidly bleached and subsequent loss of fluorescence signal from 
the nucleus reflects nuclear export. For FRAP experiments, the cells were scanned 
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two times before photobleaching by scanning the region of interest 80 times at 
100% laser intensity of a 488-nm laser line. Single section images were then col- 
lected at 5-s intervals with laser power attenuated to 2% of the bleach intensity. The 
fluorescence intensity at the region of interest at each time point was normalized to 
the change in total fluorescence due to bleaching and imaging, as described prev- 
iously**. For actin FRAP experiments, cells were photobleached in defined ~2 1m 
diameter nuclear and cytoplasmic regions with 21m thickness*. Values were 
normalized to the whole-cell fluorescence or nuclear fluorescence at each time 
point, for cytoplasmic and nuclear actin FRAP, respectively. For photoactivation 
experiments, cells expressing MKL1-PAGFP were plated on glass-bottom dishes 
and starved for 24h before stimulation with 15% FBS in phenol-red free DMEM 
for 30 min. Imaging was performed at 37 °C using an LSM 700 confocal micro- 
scope (Carl Zeiss). Photoactivation of cytoplasmic MKLI-PAGFP was carried 
out using the 405-nm laser at 50% laser power for 30 iterations. Sequential imag- 
ing after photoactivation was performed using a X63 oil immersion objective 
using excitation from a 488-nm laser line with 2% laser intensity. The increase 
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of fluorescence was normalized to the initial fluorescence of the cytoplasmic 
activation area. 

Statistical analysis. Statistical analysis was performed using GraphPad Prism 
(GraphPad Software Inc.). Data are presented as mean * s.e.m. unless stated 
otherwise. Two-tailed unpaired t-test and one-way ANOVA were used as detailed 
in respective figure legends. Statistical significance was defined as P< 0.05. All 
results are derived from three independent experiments. 
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Reconfiguration of the proteasome during 
chaperone-mediated assembly 
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The proteasomal ATPase ring, comprising Rpt1-Rpt6, associates 
with the heptameric o-ring of the proteasome core particle (CP) in 
the mature proteasome, with the Rpt carboxy-terminal tails insert- 
ing into pockets of the a-ring’. Rpt ring assembly is mediated by 
four chaperones, each binding a distinct Rpt subunit*’°. Here we 
report that the base subassembly of the Saccharomyces cerevisiae 
proteasome, which includes the Rpt ring, forms a high-affinity 
complex with the CP. This complex is subject to active dissociation 
by the chaperones Hsm3, Nas6 and Rpn14. Chaperone-mediated 
dissociation was abrogated by a non-hydrolysable ATP analogue, 
indicating that chaperone action is coupled to nucleotide hydro- 
lysis by the Rpt ring. Unexpectedly, synthetic Rpt tail peptides 
bound a-pockets with poor specificity, except for Rpt6, which 
uniquely bound the a2/a3-pocket. Although the Rpt6 tail is not 
visualized within an o-pocket in mature proteasomes”~*, it inserts 
into the a2/a3-pocket in the base-CP complex and is important for 
complex formation. Thus, the Rpt-CP interface is reconfigured 
when the lid complex joins the nascent proteasome to form the 
mature holoenzyme. 

The proteasome mediates selective protein degradation in eukaryotes’. 
It is composed of a 19-subunit regulatory particle (RP; also known as 
PA700 or the 19S complex) and a 28-subunit proteolytic CP (also 
known as the 20S complex) composed of four stacked heptameric 
rings. Ubiquitinated proteins are recognized by the RP, translocated 
into the CP via a channel in its outer («)-ring, and degraded. The RP 
comprises a 10-subunit base and 9-subunit lid’~*. Central to the base is 
the Rpt ring, a heterohexameric ATPase complex that abuts the «-ring, 
with flexible C-terminal tails of multiple Rpt subunits inserting into 
“o-pockets’ of the CP!" 

The Rpt ring is formed from three modules’: Rpt3-Rpt6; Rpt4—Rpt5; 
and Rptl-Rpt2. Within these modules there are four assembly chaper- 
ones. Although unrelated phylogenetically, these “RP chaperones’ each 
bind a CP-proximal C domain within a specific Rpt subunit*°, as 
follows: Rptl-Hsm3; Rpt3—Nas6; Rpt5-Nas2; and Rpt6-Rpn14. 

A debated aspect of RP assembly is whether the CP facilitates the 
process’*’®, although CP-dependent and CP-independent assembly 
pathways are not mutually exclusive. We have proposed that the inser- 
tion of Rpt tails into CP «-pockets is important for RP assembly in 
yeast, and that RP chaperones antagonize Rpt tail insertion into CP 
a-pockets by steric hindrance, thus promoting temporal order in 
assembly*° (Supplementary Fig. 1). 

The base is considered a key assembly intermediate of yeast 
proteasomes***”°. To investigate the effects of RP chaperones on the 
RP-CP interface, and to model the behaviour of early assembly inter- 
mediates, we developed a reconstitution assay for the base-CP com- 
plex. When purified base and CP were mixed, they formed complexes 


(base,-CP and base2—-CP; collectively termed base-CP) with an appa- 
rent dissociation constant (Ka) of ~3 nM (Supplementary Fig. 2). Base- 
CP was visualized on native polyacrylamide gel electrophoresis (PAGE) 
by using an in-gel assay for hydrolysis of the fluorogenic peptide LLVY- 
AMC (Fig. 1a). When chaperones Hsm3, Nas6 and Rpn14 were added 
in excess at time zero, the chaperone trio inhibited complex forma- 
tion beyond the detection limit. Because tail-pocket contacts mediate 
base-CP association’’, this experiment satisfies a key prediction of the 
model*°—that RP chaperones antagonize insertion of Rpt tails into 
CP «-pockets. A fourth RP chaperone, Nas2, dissociates before base 
assembly” and is accordingly inactive in these assays (data not shown). 

Antagonism of base-CP association, assessed as described earlier 
with chaperones in excess, remained strong when chaperones were 
added at 1:1 stoichiometry versus base, indicating potent interference 
(Supplementary Fig. 3). Base—CP association can be quantified by real- 
time fluorometric assays that track LLVY-AMC hydrolysis. Free CP 
hydrolyses LLVY-AMC slowly, owing to closure of its gated channel’; 
binding of base opens the channel via Rpt tail-c.-pocket interactions’*”’. 
Suppression of base-CP assembly by the chaperone trio is readily 
observed with the LLVY-AMC assay (Fig. 1b) at low-nanomolar levels, 
which are comparable to or below their estimated intracellular abundance 
(ref. 18 and data not shown). Each of these chaperones was found to 
antagonize the base-CP association individually, although with dif- 
ferent potencies (Fig. 1c and Supplementary Fig. 4). In summary, Hsm3, 
Nas6 and Rpn14 act coordinately, and through a common mechanism, 
to antagonize the Rpt ring—CP association. 

To assess further how RP chaperones regulate proteasomes, we 
determined the crystal structures of Hsm3 and of Hsm3 complexed 
with the Rptl C domain”’” (Protein Data Bank accessions 4FP7 and 
4JPO; Supplementary Figs 5-9), and modelled this complex into the 
cryo-electron microscopy (cryoEM) structure of the yeast proteasome 
holoenzyme’. The Nas6-Rpt3 co-complex*' was similarly modelled 
into the holoenzyme. The results suggest physical clashing between 
CP and chaperones in the holoenzyme (Fig. 1d), consistent with the 
steric interference hypothesis”®. Although modelling is not completely 
predictive, these data agree with previous attempts to model chaperones 
into the holoenzyme’. The Rpn14-Rpt6 structure is unsolved and 
thus the relevance of steric interference to Rpn14 remains conjectural. 
The RP-CP interface is likely to be dynamic, owing to conformational 
changes in the Rpt ring during cycles of ATP hydrolysis (see later). 
Consequently, steric interference may apply to a subset of conforma- 
tional states. 

In the base-CP experimental model, RP chaperones may act by 
binding to free base, thus preventing association of base with CP. 
Alternatively, or in addition, chaperones might interact transiently 
with base—-CP to promote dissociation actively. To assess these models, 
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Figure 1 | Chaperones inhibit base-CP assembly. a, Purified base (160 nM) 
and CP (80 nM) were incubated with or without Rpn14, Nas6 and Hsm3 (trio, 
1.6 4M each), and resolved by native PAGE. Top, in-gel peptidase assay (0.02% 
SDS); bottom, Coomassie stain. For input protein see Supplementary Fig. 2. 
b, Base (5 nM) and CP (2 nM) were challenged with chaperone trio (amounts 
in molar excess of base; ATP at 2 mM). In this and all real-time experiments, 
LLVY-AMC hydrolysis is expressed as relative fluorescence units (r.fu.) and 
experiments were performed in triplicate with traces combined for presentation. 
c, Native gel analysis of base-CP formation as in a, after addition of chaperones to 
base (160 nM) singly or in combination at tenfold molar excess of base. d, A yeast 
Rpt hexamer model was built, using the hexameric P97 D1 domain structure as a 
template (see Supplementary Methods). This model was fit into the EM map’ of 
yeast Rpt hexamer. Relative positions of Hsm3 (red) and Nas6 (yellow) on the Rpt 
ring (blue) were assessed by superimposing Hsm3-Rpt1C and Nas6-Rpt3C 
structures onto the Rpt ring model that had been fit into the EM map. A clipped 


view of the Rpt ring with bound chaperones and CP (green) is presented. Areas of 
overlap highlight steric clashes between chaperones and CP. 


we assayed the time course of base-CP dissociation after chaperone 
addition. As a control, we examined spontaneous dissociation of base- 
CP using a ‘CP trap’ that is inactivated by the proteasome inhibitor 
epoxomicin. The trap captures base that had dissociated from base-CP 
(Supplementary Fig. 10), thus suppressing LLVY-AMC hydrolysis. 
Trap addition resulted in slow loss of LLVY-AMC hydrolytic activity 
over more than 15 min, whereas chaperone addition led to an immediate 
reduction in hydrolytic activity, as expected from active dissociation 
(Fig. 2a, left). On chaperone addition, a new, stable steady-state hydro- 
lytic rate was established within approximately 7-8 min (Fig. 2a, right). 
Chaperone addition to holoenzyme had only weak dissociative effects 
(Supplementary Fig. 11a). Thus, RP chaperones may work preferentially 
on assembly intermediates. 

To assess the possible relevance of Rpt ring conformational dyna- 
mics to base-CP dissociation, we compared the effects of ATP and 
non-hydrolysable ATPyS in the base-CP dissociation assay. Base-CP 
assembled normally with ATPyS (Supplementary Fig. 11b), but sub- 
sequent chaperone addition had no detectable effect on LLVY-AMC 
hydrolysis, indicating failure to dissociate the complex (Fig. 2b). Antago- 
nism of base-CP association by chaperones may therefore be finely 
tuned to the conformational state of the Rpt ring. The simplest inter- 
pretation is that ATPyS mimics the ATP-bound state of the Rpt, with 
a chaperone inhibiting base-CP association when its cognate Rpt is 
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Figure 2 | Base-CP association is nucleotide dependent. a, CP (2 nM) 
activity stimulated by base (5nM) was monitored over time (2mM ATP, 


50mM KC]). At 5.5 min, chaperone trio or CP trap was added in molar excess 
of base or active CP, respectively. CP trap inhibits re-association of base with 
active CP. Right, hydrolysis rate (r.f.u. min") over time. b, Purified base 
(5nM) and CP (2nM) were assembled in the presence of ATPyS (0.1 mM 
throughout). At 6 min, chaperone trio or CP trap were added in molar excess. 
c, CP (15 nM) was immobilized on IgG resin via ProA tag, and incubated with 
base (~80 nM) and chaperone trio (160 nM) in the presence of 2mM ATP or 
0.5mM ATPyS. CP-bound proteins were washed with buffer (50 mM KCl), 
then eluted with TEV protease while maintaining nucleotide concentration. 
Immunoblots (IBs) were probed with indicated antibodies. Images are from the 
same gel and exposure. d, CP (2 nM) activity (LLVY-AMC hydrolysis; r.f-u.) 
was monitored in the presence of base (5 nM) and 0.1 mM ATPYS for 5 min. 
Chaperone trio (50 nM) or buffer alone containing 0.1 mM ATPyS was then 
added. At 10 min, buffer containing either ATPyS or ATP plus ATPYS was 
added. Final nucleotide concentrations were either 0.1 mM ATPYS or 10mM 
ATP plus 0.1mM ATPYS. See also Supplementary Fig. 12. 


bound to ADP (or is free of nucleotide), but not to ATP. With ATPyS, 
RP chaperones could fail to antagonize base-CP simply because they 
cannot bind Rpt proteins under these conditions. However, chaperone-— 
base complexes form comparably with ATP, ATPyS or ADP (Sup- 
plementary Fig. 11c). 

The results described earlier suggest that a stable base~chaperone- 
CP co-complex may form in the presence of ATPYS. To test this, we 
immobilized CP to a resin, added base and chaperones, and assayed 
resin-bound components after washing. When chaperones were added 
in the presence of ATP, base dissociated from the complex (Fig. 2c), 
whereas, with ATPYS, base remained bound to both CP and chaper- 
ones. Thus, the chaperones’ lack of effect on LLVY-AMC hydrolysis in 
the presence of ATPYS reflects their failure to dissociate base-CP, and 
the chaperones’ capacity to compete with CP for occupancy of the base 
may be dependent on the Rpt nucleotide hydrolytic cycle. 
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To test whether preformed base-chaperone-CP complex is primed 
for dissociation, the complex was formed in the presence of ATPYS, 
and dissociation was then monitored after ATP addition. ATP pro- 
duced rapid base-CP dissociation; LLVY-AMC hydrolysing activity 
decayed with a half-life of approximately 1 min (Fig. 2d and Sup- 
plementary Fig. 12). By contrast, ATP and ATPYS produced indistin- 
guishable hydrolytic profiles in the absence of chaperones (Fig. 2d). 
Thus, RP chaperones actively dissociate base-CP. 

To understand chaperone action within the base-CP complex better, 
we studied the specificity of the insertion of Rpt tails into o%-pockets, 
interactions proposed to be under chaperone control**. We previously 
determined by single-particle cryoEM that the C termini of the homo- 
hexameric archaeal PAN ATPases bind the «-pockets of the homo- 
heptameric o-ring of archaeal CP’. This approach is used here to 
assign distinct «-pocket binding preferences to each yeast Rpt tail. 
We determined seven subnanometre-resolution three-dimensional 
reconstructions of the yeast CP, one from CP alone (Supplementary 
Figs 13 and 14), and the others from CP incubated individually with six 
different Rpt peptides. Each peptide comprised 8 amino acids from the 
C terminus of an Rpt. 

The pseudo seven-fold symmetry of the heteroheptameric «- and 
B-rings poses a challenge to single-particle cryoEM. To break this 
pseudo-symmetry, we fused a glutathione S-transferase (GST) tag to 
the C terminus of subunit 82 (Supplementary Fig. 13a, e), and verified 
that the tag does not alter CP function. Differences between maps of 
peptide-CP and CP alone were calculated as described'* (Supplemen- 
tary Fig. 15). At proper thresholds, difference densities correspond to 
peptides bound to «-pockets. Because the pocket between subunits «7 
and «1 lacks the Lys residue that is required for binding the C ter- 
minus of an Rpt"’" no specific binding of any peptide to this pocket is 
expected. Thresholds were therefore set to show no difference density 
in the «7/a1-pocket, which in fact always had the lowest difference 
density corresponding to tail peptide (Fig. 3). As controls, difference 
maps between two independent three-dimensional reconstructions 
from two separately collected data sets of the same sample showed 
no significant difference density, indicating that difference densities 
assigned to each peptide were not generated by image misalignment or 
random noise (Supplementary Methods). 

Figure 3a compares binding specificities of the six Rpt peptides for 
the seven o-pockets of the CP. In an individual difference map, the 
sizes of the densities in different pockets correlate with peptide-binding 
affinities for these pockets. Figure 3b summarizes these data. Figure 3b 
and c also represent previous mapping of Rpt tails to «-pockets in the 
holoenzyme” *”. Our data reveal an unexpected lack of specificity in 
the Rpt tail-x-pocket interaction. We therefore suggest that the speci- 
ficity of tail-pocket interactions within the mature complex is largely 
guided by constraints on possible tail—pocket interactions that arise 
from the defined subunit arrangements of the apposed Rpt and o-rings. 
For example, within the holoenzyme, the Rpt2 and Rpt3 C termini 
insert into «3/04- and «1/02-pockets, respectively” ***. However, free 
forms of Rpt2 and Rpt3 C termini show a marked preference for non- 
cognate pockets (Fig. 3b). 

Our results raise the question of how the register of the RP-CP 
interface is determined. Only the Rpt6 peptide showed high specificity 
of binding to an established’? cognate pocket (Fig. 3b, c). Thus, the 
Rpté6 tail has the specificity to serve as an anchor point for either the 
mature proteasome or an assembly intermediate. 

The unique binding specificity of the free Rpt6 tail peptide led us 
to examine its physiological significance genetically. We generated 
substitution mutations in Rpt6 tail residues, and assessed effects on 
proteasome assembly using assays of cell growth (Fig. 4a) and native 
PAGE (Fig. 4b). Several substitutions resulted in proteasome defects, 
notably a block substitution of alanines for the terminal LFK sequence 
(Fig. 4a, b and Supplementary Fig. 16). Deletion of one residue from 
the C terminus had a similar effect (Fig. 4a, b and Supplementary Figs 
16-18). 
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Figure 3 | Difference maps reveal binding sites of Rpt C-terminal peptides 
to CP a-pockets. a, Top views of three-dimensional density maps of CP 
superimposed with difference densities corresponding to C-terminal peptides 
of each Rpt. Peptides were present at 0.5 mM, CP at 1.6 uM. The amount of 
each peptide bound is reflected by the size of black densities within each pocket. 
b, Summary of Rpt tail peptide-binding sites and relative intensities. Sizes of 
circles represent the volume of difference densities generated by peptides. Grey 
diagonals denote Rpt tail-x-pocket mapping of intact proteasomes by 
crosslinking”. Rpt4, Rpt5 and Rpt! each crosslink to two a-pockets, suggesting 
an ambiguous register. c, Predominant tail-pocket interactions in yeast 
holoenzymes as determined by cryoEM**. 


The exceptional specificity of the free Rpt6 tail for the %2/03-pocket, 
together with its role in proteasome assembly, seem to be inconsistent 
with recent cryoEM studies of the yeast proteasome, which visualize 
the Rpt2, Rpt3 and Rpt5 tails within o-pockets, with Rpt6 appa- 
rently not fixed within an «-pocket, presumably being too flexible to 
be visualized**. To resolve this paradox, we first used the base-CP 
assembly assay to test whether the Rpt6 tail helps to stabilize the 
base-CP interface. Base complexes were purified from rpt6-41 and 
wild-type cells, then mixed with CP; the activation of LLVY-AMC 
hydrolysis was then assayed. At a ratio of 16:1, the rpt6-41 base 
remained deficient in comparison to a twofold excess of wild-type base 
over CP (Fig. 4c). The defect in activation can be attributed largely to 
reduced base-CP association, as shown by native PAGE followed by 
Coomassie staining (Supplementary Fig. 19). 

One scenario to explain the phenotype of rp#6 tail mutants is that 
their reduced proteasome levels simply reflect a lower affinity between 
CP and RP. To test this, we purified rpt6-4 1 proteasome holoenzymes 
and incubated them in the presence or absence of CP trap to follow 
their dissociation over time. Mutant and wild-type proteasomes were 
comparable in stability (Fig. 4d). Thus, the Rpt6 tail influences biosyn- 
thetic proteasome assembly rather than holoenzyme stability. 

To investigate the base-CP interface more generally, we reconsti- 
tuted this complex using base from a wild-type (RPT6) strain of yeast, 
and subjected it to cryoEM (Supplementary Fig. 20). In the three- 
dimensional reconstruction of base-CP (Fig. 5a), the rotational register 
between the Rpt ring and the CP, as well as the axial tilt of the Rpt ring 
from that of CP, are comparable to those in the holoenzyme. Individual 
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Figure 4 | Rpt6 C-terminal tail promotes formation of base-CP complex. 
a, Growth defects of C-terminal rpt6é mutants. Strains were spotted onto plates 
containing rich media (YPD) in fourfold serial dilutions. Plates were incubated 
at 30°C for 2 days. WT, wild type Capital letters indicate the last three amino 
acids of Rpt6 (LFK) or mutants thereof. b, Whole-cell extracts (100 1g) from 
rpt6 mutants as in a were resolved by native PAGE and subjected to LLVY- 
AMC assay in 0.02% SDS. c, Role of Rpté tail in base-CP association. Assembly 
kinetics of wild-type or rpt6-A 1 base with CP was measured using LLVY-AMC 
hydrolysis. Purified CP (2 nM) was mixed with the indicated fold excess of base 
(2mM ATP). LLVY-AMC hydrolysis is indicated in r-f.u. d, Stability of 
proteasome holoenzyme (2 nM) from wild-type or rpt6-41 mutants was 
assessed in 2mM ATP by adding 50-fold molar excess of CP trap or buffer 
alone at 15 min. 


Rpt subunits were modelled into the structure as shown, based on 
previous characterization of the holoenzyme’ (Supplementary Fig. 
20c, d). 

A key feature of the base-CP complex is the existence of a strong 
contact between the Rpté6 tail and the «2/03-pocket (Fig. 5), which is 
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Figure 5 | Three-dimensional reconstruction of base-CP complex reveals 
an asymmetric interaction between the Rpt ring and the a-ring of the CP. 
a, Three-dimensional reconstruction of the singly capped base-CP complex 
was determined by single-particle cryoEM to a resolution of ~10 A. CP 
subunits are rendered in different colours as indicated. A difference map was 
calculated between the original three-dimensional reconstruction and one 
rotated 180° around the two-fold CP symmetry axis. The positive difference 
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inherently specific for Rpt6 tail peptide. As the holoenzyme does not 
show a prominent Rpt6 tail contact**, the structural and functional 
data both suggest a transient role for the Rpt6 tail in assembly. Distinct 
contacts were also observed between Rptl and the «4/a5-pocket, as 
well as Rpt2 and the «3/a4-pocket (Fig. 5 and Supplementary Fig. 21), 
although the Rpt1 contact is relatively superficial. On the basis of the 
free tail peptide experiments of Fig. 3, the intrinsic specificity of Rpt2 
and Rptl cannot explain the tail-pocket register of base-CP. This 
suggests that Rpt6 is a key determinant of the tail-pocket register in 
base-CP. 

The determination of the tail—pocket register is inherently problem- 
atic because of the symmetry mismatch between the hexameric Rpt 
ring and heptameric o-ring, which may underlie a tendency for ambi- 
guous register at this interface**’’. Proper register may be achieved 
through global optimization of tail-pocket interactions, allowing for a 
subset of incorrect tail-pocket alignments to be rejected despite their 
being stronger than the correct alignment. However, our data suggest 
that the tail-pocket register might be largely defined by dominant 
interactions of high specificity. The Rpt6 tail may perform such a 
function at an early stage of proteasome maturation, when the RP- 
CP interface is defined exclusively by Rpt tail-x-pocket contacts. This 
role of Rpt6 is apparently not sustained in the holoenzyme, perhaps 
because register is enforced by an alternative mechanism once the lid is 
incorporated into the complex. Subunit Rpn6 of the lid extends 
directly past Rpt6 to contact the CP*”’, and may substitute for the 
anchoring role of Rpt6. 

Although the tail—pocket register of base—CP is consistent with that 
of holoenzyme, the dominant tail—-pocket interactions are quite differ- 
ent. For the holoenzyme*~, these are thought to be Rpt3, Rpt2 and 
Rpt5. These tails alternate across the ring in the holoenzyme (Fig. 3c), 
whereas in base-CP the dominant tail contacts appear to be collected 
on one side of the ring (Fig. 5), in an arrangement resembling that of 
the archaeal PAN complex”. 

An interesting feature of base-CP is that the neighbouring’” Rpt6 
and Rpt2 tails show strong pocket interactions. Because the tail of Rpt2 
has little inherent specificity, its insertion into the «3/a4-pocket may 
be facilitated by Rpt6. It is consistent with the symmetry mismatch 
between the Rpt and «-rings that Rpt6 should preferentially promote 
tail insertion of its nearest neighbour, as more distant tails would fall 
out of phase with the CP pockets. 
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density (grey) corresponds to base bound to CP. It shows prominent densities 
from C termini of Rpt6, Rpt2 and Rpt1, which are clustered on one side of the 
Rpt ring, bound to specific o-pockets. b, Each panel shows an o-pocket. Arrows 
indicate densities corresponding to Rpt C termini extending towards the 
pockets. Asterisks indicate pockets without detectable density from Rpt C 
termini. Thresholds of CP and base densities are set separately but are identical 
in all panels. C termini of Rpt6, Rpt2 and Rptl are seen to insert into «-pockets. 
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Negative regulation of tail-pocket interactions by chaperones may 
potentially help in temporal ordering of the assembly pathway, in 
suppressing out-of-register tail-pocket interactions, and in maintain- 
ing proteasome assembly intermediates in a highly dynamic state. Our 
data suggest that chaperone action may be coupled to the ATPase cycle 
of the Rpt ring, with nucleotide controlling the competition between 
chaperone and CP for base interaction. The mechanism may involve 
changes in positioning of the Rpt C domain, which has an integrative 
role in that it positions the Rpt C-terminal tail, while at the same time 
binding chaperone on its outer face and contacting nucleotide on its 
inner face. 

The major forms of mature proteasome differ from the ATPyS- 
base-CP complex in that they are associated with a mixture of ATP 
and ADP”, whereas early intermediates in RP assembly are reported to 
have no detectable ATPase activity”, suggesting that an ADP-free 
species resembling the ATPyS-base-CP complex could potentially 
function as a transient assembly intermediate. The fate of this complex 
may be to undergo chaperone-dependent dissociation upon ATP 
hydrolysis, or alternatively the lid may join the complex before the 
first round of ATP hydrolysis, to impose new modes of CP binding and 
suppress complex dissociation. 


METHODS SUMMARY 


The GST-tagged CP used for cryoEM analysis was purified using a 3X Flag tag 
appended to the Prel C terminus ({4). For the structure of CP complexed with 
peptide, ~0.5 mM peptide was incubated with 1.6 4M GST-tagged CP for 1h at 
37°C directly before grid vitrification. Recombinant chaperones were purified 
from Escherichia coli using a GST tag, which was removed with Prescission prote- 
ase before biochemical assays. Single-particle cryoEM studies were carried out as 
described"*, with details given in Supplementary Information. 
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Low bone mineral density (BMD) is used as a parameter of osteo- 
porosis. Genome-wide association studies of BMD have hitherto 
focused on BMD as a quantitative trait, yielding common variants 
of small effects that contribute to the population diversity in 
BMD’"’”. Here we use BMD as a dichotomous trait, searching for 
variants that may have a direct effect on the risk of pathologically 
low BMD rather than on the regulation of BMD in the healthy 
population. Through whole-genome sequencing of Icelandic indi- 
viduals, we found a rare nonsense mutation within the leucine- 
rich-repeat-containing G-protein-coupled receptor 4 (LGR4) gene 
(c.376C>T) that is strongly associated with low BMD, and with 
osteoporotic fractures. This mutation leads to termination of LGR4 
at position 126 and fully disrupts its function. The c.376C>T muta- 
tion is also associated with electrolyte imbalance, late onset of men- 
arche and reduced testosterone levels, as well as an increased risk of 
squamous cell carcinoma of the skin and biliary tract cancer. 
Interestingly, the phenotype of carriers of the c.376C>T mutation 
overlaps that of Lgr4 mutant mice. 

We selected individuals with standardized BMDs below minus one 
standard deviation (—1s.d.) for inclusion in the low BMD group. As 
controls we combined those who had a measured BMD above —1 s.d. 
and, for increased power, individuals who had not had their BMD 
measured. The low BMD group included 4,931 individuals and the 
control group comprised 69,034 individuals. We then tested for asso- 
ciations between 34.2 million sequence variants and low BMD. The 
variants were identified through whole-genome sequencing of 2,230 
Icelanders and then imputed into the entire sample set; 95,085 Ice- 
landers genotyped with single nucleotide polymorphism (SNP) chips 
and 296,526 close relatives of those who were chip genotyped through 
familial imputation (Supplementary Fig. 1 and Supplementary Methods). 

The two most significant associations with low BMD (P< 5 X 10 8) 
were with common variants at 13q14 that have previously been 
reported to be associated with BMD, represented by rs8001611 (odds 
ratio (OR) = 1.21; P= 1.6 X 10 '”)!% and a novel association with a 
group of correlated rare variants at 11p14 (Supplementary Fig. 2 
and Supplementary Table 1). This group includes 16 variants with 
P<10 ’, all with population frequencies of between 0.14% and 
0.18%. Among the rare variants that associate with BMD at 11p14 is 
a SNP (University of California Santa Cruz (UCSC) Genome Browser 
position hg18_chr11:27369242_A) that introduces a nonsense codon 
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(c.376C>T; in the Refseq NM_018490 transcript) into exon 4 of the 
LGR4 gene. None of the other rare variants at 11p14 were significant 
after accounting for the effect of c.376C>T (Supplementary Table 1), 
nor did any other coding variant in LGR4 associate with BMD (Sup- 
plementary Table 2). We validated, and improved, the imputation of 
c.376C>T by direct genotyping (Supplementary Information); this 
resulted in a slightly stronger association with low BMD (OR = 4.30 
and P=1.3 X10 '°) (Table 1). 

A common variant at this same locus, rs10835187 (minor allele 
frequency (MAF) 45%), was previously reported to associate with 
spine BMD (P= 4.9 X 10°) but not with hip BMD (P= 0.03) ina 
large meta-analysis of 80,000 individuals’. rs10835187 is not correlated 
with c.376C>T (1? < 0.001) and its effect on low BMD is much weaker 
(OR = 1.06, P= 0.031). Testing the association of c.376C>T with 
BMD-related traits conditional on the effect of rs10835187 has very 
little impact on the results, and the association of rs10835187 with BMD 
is not changed if we adjust for c.376C>T (Supplementary Table 3). 
Thus, the two variants represent two independent BMD association 
signals in the 11p14 region. Because the association of rs10835187 with 
spine BMD is weak in our data set (f = —0.036 and P = 0.0042) we are 
not well powered to refine the rs10835187 association signal. However, 
we notice two variants in the 3’ untranslated region (UTR) region of 
lin-7 homologue C (LIN7C) at 11p14, rs3209593 and rs1140711, that 
are highly correlated with rs10835187 (1° > 0.9) and whose association 
with spine BMD is indistinguishable from that of rs10835187. The 
expression of LIN7C in blood and adipose tissue has previously been 
shown to be highly correlated with rs10835187. Another variant, 
1861888800 (77 = 0.31 with rs10835187), located in the 5’ UTR region 
of the brain-derived neurotrophic factor (BDNF) gene could also 
explain the association of rs10835187 with BMD. No variant in LGR4 
can explain the rs10835187 association (Supplementary Table 4). Our 
data, although not conclusive, indicate that rs10835187 acts through 
LIN7C or BDNF rather than LGR4 (Supplementary Information). 

We examined the association of the LGR4 c.376C>T variant with 
low BMD measures at separate sites, and with other osteoporosis- 
related traits (Table 1). All three low BMD measures associate with 
c.376C>T; the strongest site-specific association is with low whole- 
body values, with OR=6.45 (P=5.2 x 10-8). An association is 
also observed with risk of osteoporotic fractures (OR = 3.12, P= 
0.00013) and with the BMD definition of osteoporosis* (OR = 3.27, 
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Table 1 | Associations of the LGR4 c.376C>T nonsense mutation with osteoporotic traits 


N (Nwg)* 
Phenotype OR (95% Cl) P value Cases Controls 
Low BMD+ 
Hip, spine or whole body 4.30 (2.76-6.71) 1.3 x10°1!° 4,931 (4,188) 69,034 (58,632) 
Whole body 6.45 (3.30-12.62) 52x108 1,206 (1,159) 73,566 (70,699) 
Hip 3.30 (1.89-5.76) 2.6 x10°° 2,804 (2,349) 70,100 (58,725) 
Spine 3.81 (2.25-6.46) 6.9 x 10°” 3,015 (2,538) 69,345 (58,374) 
Osteoporosis BMDt 3.27 (1.84-5.79) 5.0x10°° 2,615 (2,162) 65,375 (54,050) 
Any osteoporotic fractures 3.12 (1.74-5.59) 0.00013 2,668 (2,532) 72,036 (68,364) 
Phenotype BS P values N (Nwe)* 
BMD 
Whole body —0175 (0.16) 1.6 x 10° 7,359 (6,896) 
Hip —0.49 (0.12) 6.2 x 10-5 21,024 (17,171) 
Spine —0:52 (0.15) 38x10 21,001 (17,193) 


The results shown are for the A allele of the reference plus strand (hg18_chr11:27369242 A), presenting the nonsense T mutation of LGR4 at codon 126. Cl, confidence interval. 
* N is the total number of individuals included in the analysis, and Nwg is the number of included individuals who have been chip typed. 


+The low BMD phenotypes are defined as those BMD values that are below —1s.d. from the mean. 


{World Health Organization definition of osteoporosis BMD; <—2.5 s.d. in young women at the spine or hip, uncorrected for age or weight®. 
§The effect f (the regression coefficient), and the standard error (s.e.) and P values from a linear regression of the age, sex and weight-adjusted BMD values on the mutation status. All P values are corrected for 


relatedness using the method of genomic controls (see Supplementary Information). 


P= 0.000050). Furthermore, the association becomes stronger if a 
more extreme cut-off is used to define low BMD (Supplementary 
Table 5). Comparison of carriers and non-carriers of c.376C>T shows 
that the mean BMD value is 0.49-0.75 s.d. lower in carriers than in 
non-carriers, depending on site (Table 1 and Supplementary Table 6). 

Analysis of 5,835 individuals with repeated BMD measurements did 
not show an association of LGR4 c.376C>T with age-related changes 
in BMD (Supplementary Table 5), suggesting that the effect of the 
mutation is to reduce peak bone mass rather than increasing the rate 
of age-related bone loss. This is further supported by our observation 
that the strongest site-specific association is with low whole-body 
BMD, which is the site with the lowest remodelling rate. However, 
our data do not indicate that the mutation primarily associates with 
cortical rather than trabecular bone (Supplementary Table 5). 

The LGR4 gene encodes a cell-surface receptor that directly binds 
R-spondins’”', secreted agonists of the Wnt pathway’*. The Wnt sig- 
nalling pathway has been shown to regulate bone mass'** and to be 
essential for differentiation of osteoblasts both in skeletogenesis and in 
the maintenance of the adult skeleton’’. Furthermore, mutations in 
the LRP5 and SOST genes, which take part in the Wnt pathway, have 
previously been identified in families with rare bone disorders’’, and 
common variants with small effects on BMD at these loci have been 
identified in genome-wide association studies**”. On the basis of LGR4 
potentiation of Wnt signalling, the lack of LGR4 should be reflected in 
less Wnt signalling in osteoblasts. Indeed, Lgr4 ‘~ mice have delayed 
osteoblast differentiation and mineralization during embryonic bone 
formation. Postnatal bone remodelling (bone density, bone formation 
rate, osteoid formation) is also significantly impaired in these mice’’. 
The LGR4 c.376C>T mutation is predicted to truncate the LGR4 
protein, normally composed of 951 amino acids, at position 126, thus 
fully disrupting its function (Supplementary Figs 3 and 4). We detected 
reduced levels of mutated LGR4 messenger RNA isolated from white 
blood cells and adipose tissue of heterozygous c.376C>T carriers 
(Fig. la), consistent with a nonsense-mediated decay of transcripts 
containing nonsense mutations'’(Fig. 1b and Supplementary Fig. 5). 

To investigate whether the LGR4 c.376C>T nonsense mutation is 
present in other populations, we screened the public Exome Variant 
Server database’* (EVS), and directly genotyped the variant in two 
sample sets of Northern European descent; the PERF study of 3,032 
Danish postmenopausal women” and 1,393 individuals in the Aus- 
tralian DOES study”. The mutation was neither present in the EVS 
database nor in the Australian samples. One carrier of the nonsense 
mutation was found in the Danish sample, who was subsequently shown 
to be of Icelandic origin (Supplementary Information). Investigation of 
the size of the haplotype background shared by the carriers indicates 
that the mutation was introduced into the Icelandic gene pool about 
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400 years ago (Supplementary Information). Although the c.376C>T 
mutation seems to be specific to the Icelandic population, two trun- 
cating (frameshift) mutations in LGR4 that could mediate similar 
effects to c.376C>T were found in the EVS database. The combined 
frequency of these two truncating mutations in the EVS is similar to that 
of the c.376C>T mutation in Iceland. We genotyped these two trun- 
cating mutations in the PERF and DOES samples by Sanger sequencing. 
Neither mutation was found to be present in these samples. 

Various abnormalities other than those related to bone formation 
and remodelling have been reported in Lgr4 mutant mice’®’**. To get 
a more detailed picture of the overall effect of the c.376C>T mutation, 
we investigated its effect on a variety of human diseases and other traits 
for which we have genotype and phenotype information (Supplemen- 
tary Information). This revealed a complex pattern of similarities 
between phenotypes displayed by Lgr4 mutant mice and the carriers 
of the c.376C>T mutation (Supplementary Table 7): reduced birth 
size (weight P = 0.00026, length P = 0.0055); lower weight (P = 0.0064); 
electrolyte disturbances (with reduced plasma sodium (P = 0.00014) and 
bicarbonate levels (P = 0.0017)); elevated potassium levels (P = 0.00063) 
(Table 2); and normal serum levels of calcium (P = 0.25) and phosphate 
(P =0.90). Furthermore, c.376C>T associates with reduced testo- 
sterone levels (P = 0.00022) and late onset of menarche (P = 0.0018), 
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Figure 1 | Reduced expression of the LGR4 transcript containing the 
c.376C>T mutation. a, Expression of LGR4 in adipose tissue and blood in 
c.376C>T carriers and non-carriers, shown as 10 to the power of average mean 
log expression ratio (MLR). P values are from regression of the MLR on the 
carrier status, adjusting for age and sex, and differential cell counts for blood. 
Error bars show standard error of the mean. b, Proportion of mutated and 
normal LGR4 transcripts in adipose tissue and white blood cells from 
heterozygous carriers of c.376C>T based on complementary DNA sequencing. 
Proportion of the two alleles determined by sequencing genomic DNA from 
heterozygous carrier is also shown. The P values are from a one-sample t-test. 
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Table 2 | The LGR4 c.376C>T mutation is associated with a wide range of phenotypes 
Phenotype B(s.e.) P value Effect* N (Nwe) 
Birth length —0.799 (0.29) 0.0055 —0.03 cm 12,661 (1,485) 
Birth weight —1.046 (0.29) 0.00026 —0.46 kg 12,678 (1,485) 
Weight —0.237 (0.09) 0.0064 —3.0 kg 76,499 (65,461) 
Sodium —0.18 (0.05) 0.00014 —0.71 mmoll"} 69,597 (63,194) 
Potassium 0.16 (0.05) 0.00063 0.061 mmoll~? 70,799 (64,152) 
Bicarbonate —0.34 (0.11) 0.0017 -1.2mmoll7? 14,563 (13,783) 
Testosterone =L17 (032) 0.00022 —4.0pgmi"? 2,781(2,556) 
Age at menarche 0.38 (0.12) 0.0018 0.48 years 39,574 (35,757) 
N (Ne) 
Phenotype OR (95% Cl) P value Cases Controls 
Gallbladder and biliary duct cancer 9.85 (2.61-37.2) 0.00074 320 (99) 39,680 (12,276) 
SCC 2.81 (1.29-6.12) 0.0092 1,508 (958) 144,768 (91,968) 


Association of the c.376C>T mutation with phenotypes in deCODE’s database. Included is, for each trait, the effect estimate # and s.e. from linear regression of the trait on the number of copies of the mutation, or 
the OR and the 95% Cl from logistic regression for a case-control analysis, and the corresponding P values. All P values have been adjusted for relatedness using the method of genomic control. For detailed 


comparison, see Supplementary Table 7. 


*The estimated difference in age- and gender-adjusted trait values between carriers and non-carries of the mutation. 


possibly reflecting defects in the development of the male reproductive 
tract*’ and developmental delays”*, respectively, as has been described 
for Lgr4 mutant mice. Many other abnormalities have been described 
for Lgr4 mutant mice’®’****’°, warranting further investigation of the 
LGR4 c.376C>T carriers. 

In addition to the phenotypes previously described for Lgr4 mutant 
mice, we found the LGR4 c.376C>T nonsense mutation to associate 
with an increased risk of squamous cell carcinoma of the skin (SCC) 
(OR = 2.81, P= 0.0092), and cancers of the gallbladder and biliary 
tract (OR = 9.85, P = 0.00074) (Table 2). The loss-of-function nature 
of the c.376C>T mutation suggests a tumour suppressor role for LGR4 
in these cancers. This is further supported by a predisposition to SCC 
in homozygous carriers of a loss-of-function mutation in the LGR4 
ligand, R-spondin 1 (ref. 29). Lgr4‘~ mice lack gallbladders”’, demon- 
strating an essential role for LGR4 in the development of this organ. 
Classical tumour suppressor genes are characterized by loss of the 
wild-type allele in tumours of heterozygous carriers (loss of hetero- 
zygosity (LOH)). We tested for LOH at the LGR4 locus in DNA iso- 
lated from biliary tract tumours of four carriers of the c.376C>T 
mutation (Supplementary Information and Supplementary Fig. 6). 
The results indicate LOH in three out of the four carriers, suggesting 
that LGR4 acts as a tumour suppressor gene in biliary tract cancers. 
Increased cancer risk has not been described in Lgr4 /~ mice; how- 
ever, these mice have a short lifespan and the oldest mice analysed so 
far have not been older than 24 weeks, which may not be sufficient time 
for cancer development. 

Through whole-genome sequencing of Icelanders, we have found a 
rare nonsense mutation, c.376C>T, within the LGR4 gene that leads to 
termination of the LGR4 protein at position 126. Carriers of this 
mutation are at increased risk of various conditions, similar to the 
phenotypes that are observed in Lgr4 mutant mice (Table 3). Our 


Table 3 | Phenotypic similarities between human carriers of c.376C>T 
and Lgr4 mutant mice 


Human c.376C>T carriers Lgr4 mutant mice 

Low BMD Low BMD?® 

Osteoporotic fractures Defective bone formation and remodelling!® 
Reduced birth size Reduced birth size’®° 

Reduced weight Reduced weight!®7° 

Elevated serum potassium Elevated serum potassium?®> 

Reduced serum sodium Reduced serum sodium?° 

Reduced serum bicarbonate Reduced serum bicarbonate?° 

Serum calcium unchanged Serum calcium unchanged?® 

Serum phosphate unchanged Serum phosphate unchanged?® 

Late age at menarche Developmental delay!®?°7¢ 

Reduced free testosterone Defective male reproductive tract?! 
Gallbladder and biliary duct cancers Lack of gallbladder and cystic duct?* 

For a more detailed comparison between the phenotypes shown by Lgr4 mutant mice and carriers of 


c.376C>T, see Supplementary Table 7. 


results highlight the value of human genome sequence information 
in the context of rich phenotypic information from which the effects of 
rare deleterious mutations can be directly assessed in humans, creating 
a human model of physiological disturbance or disease. 


METHODS SUMMARY 


The Icelandic, Danish and Australian BMD samples were described previoush 
In the discovery analysis, cases were defined as those with adjusted BMD levels less 
that —1 s.d. from the mean at the hip (total hip), lumbar spine (L2-L4) or whole body, 
whereas the control group comprised individuals with BMDs above —1 s.d. and those 
with no BMD information available. Serum electrolytes and all other trait measure- 
ments were normalized to a standard normal distribution and adjusted for sex, year of 
birth and age at measurement. SCC and biliary tract cancer cases were identified in 
the nationwide Icelandic Cancer Registry, and self-reported information on age at 
menarche and menopause was retrieved from the Icelandic Cancer Registry. 

About 34.2 million sequence variants (30.6 million SNPs and 3.6 million indels) 
identified through whole-genome sequencing (to an average sequencing depth of 
>10X) of 2,230 Icelanders using Illumina GAIIx and HiSeq2000 instruments, 
were imputed into 95,085 Icelanders genotyped with Illumina SNP chips and phased 
using long-range phasing. Familial imputation methods were used to impute the 
variants into 296,526 ungenotyped relatives of the 95,085 individuals using the 
nationwide Icelandic genealogy database. Association testing for case-control ana- 
lysis was performed using logistic regression, matching controls to cases based on 
how informative the imputed genotypes were, whereas quantitative traits were tested 
using a generalized form of linear regression. Single SNP genotyping was carried out 
by the Centaurus (Nanogen) platform and deletions identified from the EVS were 
genotyped by Sanger sequencing. 

Differences in expression of LGR4 mRNA in blood and adipose tissue between 
carriers and non-carriers of c.376C>T were tested using multiple regression, 
adjusting for age and gender, and for differential cell counts in blood. Differences 
in the normalized amount of mutated versus wild-type LGR4 transcripts in carriers of 
c.376C>T were tested using one-sample t-test. 
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Diacylglycerol kinase catalyses the ATP-dependent phosphorylation of 
diacylglycerol to phosphatidic acid for use in shuttling water-soluble 
components to membrane-derived oligosaccharide and lipopolysac- 
charide in the cell envelope of Gram-negative bacteria’. For half a 
century, this 121-residue kinase has served as a model for investi- 
gating membrane protein enzymology’, folding”*, assembly”? and 
stability’"*. Here we present crystal structures for three functional 
forms of this unique and paradigmatic kinase, one of which is wild 
type. These reveal a homo-trimeric enzyme with three transmembrane 
helices and an amino-terminal amphiphilic helix per monomer. 
Bound lipid substrate and docked ATP identify the putative active site 
that is of the composite, shared site type. The crystal structures ration- 
alize extensive biochemical and biophysical data on the enzyme. They 
are, however, at variance with a published solution NMR model" in 
that domain swapping, a key feature of the solution form, is not 
observed in the crystal structures. 

Diacylglycerol kinase (DgkA) is a unique enzyme, structurally and 
functionally. A solution NMR model of wild-type DgkA revealed a 
compact, domain-swapped trimer’. This, along with extensive bio- 
chemical and biophysical data, was used to rationalize its stability, 
folding, active site architecture, catalytic mechanism and substrate 
selectivity. Because it was a backbone-only model, with motional dis- 
order over its first 25 residues, there was a need for a high-resolution 


Cytoplasm 


Periplasm 


Figure 1 | Crystal structure of A4 DgkA. a, Structure (ribbon model) viewed 
from the membrane plane. Individual subunits are coloured blue, green and 
orange. Membrane boundaries are based on hydrophobic thickness 
calculations from the PPM server”. b, As in a, viewed from the cytoplasm. 
Putative active sites are designated on the basis of the identities of the subunits 
(A, B and C) contributing to each site and demarked with a seven-pointed star. 
c, As in b, with helices shown as cylinders and the structure notation 


crystal structure. Traditional crystallization approaches had failed to 
produce quality crystals’*. Given the success of the lipidic cubic phase 
(in meso) method with similarly sized proteins’, it was considered a 
worthwhile crystallization strategy. 

Initial trials yielded minute crystals with monoolein (9.9 MAG) as 
host lipid at 20 °C. Rounds of optimization with shorter chain mono- 
acylglycerols (MAGs)'”"* using rationally designed mutant forms of 
the kinase provided quality crystals at 4°C. Molecular replacement 
with the published model” as a template failed to provide a solution. 
To phase the X-ray data, seleno-methionine (Se-Met), as well as heavy- 
atom pre-labelling, co-crystallization and soaking, and engineered 
single-cysteine mutants for mercury labelling, were tested. Phases 
were obtained using Se-Met single-wavelength anomalous diffraction 
(SAD) from crystals of a stable active mutant, A7 (seven changes 
relative to wild type; Supplementary Figs 1 and 2). Structures for the 
wild type and a thermo-stabilized A4 (four changes relative to wild 
type)'* form of DgkA were obtained by molecular replacement using 
the A7 structure (Methods). Here, we report on structures of the wild- 
type, A4 and A7 constructs obtained with 7.8 MAG. The highest 
resolution was for A7 DgkA at 2.05 A (Supplementary Table 1). 

The crystal structure of all three constructs reveals a trimer with 
layered packing"* (Fig. 1 and Supplementary Fig. 3). Across constructs, 
subunits and folds are alike (Supplementary Figs 4-6). This, coupled 


introduced. The solid black triangle marks the axis of an approximate three- 
fold symmetry. Dotted triangles define the transmembrane helical core of the 
trimer (black) and the arrangement of transmembrane helices (H1-H3) in 
individual subunits (white). The N terminus in the model of each subunit is 
identified. It leads directly into an amphiphilic surface helix (SH), the length of 
which varies between subunits. 
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Figure 2 | Rationalizing functional biochemistry with the crystal structure 
of DgkA. Residues in DgkA, in which mutations to cysteine reduce kinase 
activity to 7% or less that of wild-type activity'’, are mapped onto the crystal 
structure of A4 DgkA. a, View in the membrane plane. The protein (ribbon 
model) is displayed with chains A, B and C coloured blue, green and orange, 


with the fact that the three constructs are active (Supplementary 
Fig. 2), indicates that all three are structurally and functionally similar. 
A4 provided the most complete model and is used for the structure 
description that follows. 

Each subunit (identified A-C) within a trimer forms a bundle of 
three transmembrane helices, H1-H3 (Fig. 1 and Supplementary Fig. 
7). When viewed from the cytosol, the centres of mass of the three 
helices within a subunit roughly describe an isosceles triangle (Fig. 1c). 
H1 is the shortest at 19 residues. It is preceded by an N-terminal 
amphiphilic surface helix (Supplementary Fig. 6b), which is expected 
to reside on the cytosolic side of the membrane. H2 and H3 extend into 
the cell by about ten residues and are connected by a ~five-residue 
cytosolic loop, likely to be quite mobile (Supplementary Fig. 5). On the 
other side of the membrane, H1 and H2 are connected by a four- 
residue periplasmic loop. 

The three subunits are arranged around an approximate three-fold 
symmetry axis that passes through the centre of the trimer normal to 
the membrane plane (Fig. 1c). The core of the trimer is made up of H2 
from each subunit forming a parallel three-helix bundle. Extending 
away from the core, H1 and H3 from each subunit form the sides of an 
equilateral triangle that inscribes the trimer with H1 occupying apex 
positions. Viewed from the cytosol, the surface helix, which is 
N-terminal to H1, angles away from the trimer core contacting H3 
from an adjacent subunit. Together, the surface helix N terminus of 
one subunit and H1-H3 of an adjacent subunit create the putative 
active site (Fig. 1). Thus, for example, active site AB (asAB) is formed 
by surface helix (SH),, H1p, H2, and H3s, consistent with the com- 
posite, shared site model’. 

Separate studies have shown that the DgkA trimer has three active 
sites*, with moderate heterollostery'* (Supplementary Discussion). The 
enzyme has one amphiphilic substrate, diacylglycerol (DAG), and a 
water-soluble substrate, Mg”*-ATP. Thus, DgkA catalyses phosphoryl 
transfer expected to take place at a polar/apolar interface. Given that the 
reaction involves direct phosphorylation’ via a pentavalent transition 
state, the two substrates must come into close proximity with the 
y-phosphate of ATP next to the primary hydroxyl of DAG. There is 
only one location (per active site) on the kinase where this can happen. 
That is in the pocket created by the surface helix of one subunit and the 
polar/apolar regions of H1-H3 of an adjacent subunit (Fig. 1). This 
prediction matches well the active site residues mapped in previous 
studies’"* (Fig. 2). 
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respectively. Residues are shown in ball and stick and colour-coded according 
to atom type (nitrogen, blue; oxygen, red; carbon, grey). b, View from the 
cytoplasm. c, An expanded view of the putative active site (asAB) of the enzyme, 
in which crucial kinase activity residues'* are clustered. 


DgkA is a promiscuous enzyme. It can work with different hydroxy 
lipids as substrates, including the MAGs used to create the mesophase 
for crystallization’”*". One of the putative active sites in A7 includes 
density well described by MAG (Fig. 3 and Supplementary Fig. 8). The 
lipid head-group resides at the predicted membrane polar/apolar 
interface. Its acyl chain extends away from the interface into the hydro- 
phobic membrane core next to H3. This tentatively identifies the lipid 
substrate half of a DgkA active site. 

DgkA is a unique kinase with a distinctive active site. It has no 
recognizable nucleotide sequence or structural binding motifs’. 
With a view to identifying the ATP-binding site, crystals of A7 
DgkA were soaked with the ATP analogue, adenylylmethylenedipho- 
sphonate (AMPPCP). This caused the crystals to ‘dissolve’ (Sup- 
plementary Fig. 9). Additional soaking with ATP, ADP, AMP, 
ATPyS, AMPPNP and dATP, but not with GTP, CTP, UTP or TTP, 
led to crystal dissolution (Supplementary Fig. 9). Thus, although a 
liganded structure did not materialize, the result is consistent with 
an adenine nucleotide-induced conformational and/or packing change 


Asp 95 


Glu oi 
Re. 69 
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Figure 3 | Putative active site of DgkA complete with lipid and Mg’*-ATP 
substrates and activating zinc. a, A putative active site of A4 DgkA is shown 
superposed with 7.8 MAG lipid substrate, the zinc ion from A7 DgkA, and 
Mg?*-ATP from the docking calculation. The ATP (thick sticks, atoms 
coloured by type) extends ~20 A from the cytoplasmic loop between H2 and 
H3 to the polar headgroup of the lipid substrate (large spheres, atoms coloured 
by type) at the polar/apolar interface of the membrane. Residues in the vicinity 
of the substrates that are known to be crucial for kinase activity'* are shown in 
ball and stick, as in Fig. 2. Zinc and magnesium are shown as brown and blue 
spheres, respectively. b, Expanded view ofa, with the ribbon model removed for 
clarity. 
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in the crystalline kinase. These findings support the view that the 
kinase adopts a functional form in the crystal. 

In the absence of a nucleotide-bound structure for DgkA, ATP has 
been docked into the A7 model with the adenyl moiety interacting with 
the cytosolic loop (Fig. 3, Supplementary Discussion and Supplemen- 
tary Fig. 10). The triphosphate extends in the direction of the lipid- 
binding region of the putative active site, occupied by a lipid molecule. 
The observation of distinct binding sites, one (modelled) for ATP and 
one for the lipid substrate, is consistent with the finding that the mech- 
anism of phosphoryl transfer is of the random-equilibrium type, in 
which the two substrates bind independently of one another*™. 

For full activation, DgkA requires free divalent cation (magnesium, 
manganese, cadmium, zinc or cobalt)**. Here, zinc was found coordi- 
nated by the carboxyls of Glu 28 and Glu 76 (Supplementary Fig. 11), 
which are both vital to catalytic activity’. Superposing this onto the 
docked ATP-A7 DgkA structure positions the zinc 4.9 A from the 
y-phosphate (Fig. 3), where it may have a role in substrate placement 
for reaction. 

The reaction product, phosphatidic acid, with its relatively bulky 
and charged phosphate, is expected to leave the active site for the 
surrounding membrane via the opening between the surface helix 
and H1 (Fig. 1). This may be facilitated electrostatically by Glu69 
and Glu 76 in H2 creating a push, and by Arg9 and Lys 12 in the 
surface helix creating a pull on the anionic product (Supplementary 
Fig. 12). All four residues are important for activity’. 

A previous study*, using subunit mixing/complementarity experi- 
ments, provided evidence for shared sites in DgkA. Ala 14 and Glu76 
were identified as active site residues contributed from one subunit, 
with Glu 69, Asn 72 and Lys 94 deriving from another. 

The current structures show that the active sites are indeed com- 
posed of residues from two subunits consistent with the shared sites 
model (Fig. 1). For purposes of discussion, we focus on just one active 
site (asBC) (Supplementary Fig. 13). Highlighting the shared sites 
residues identified previously’, in this active site it is clear that 
Glu69 and Asn 72 on H2¢ and Lys 94 on H3¢ are on one half-site, 
whereas Ala 14 on SHsg is on the other. Glu 76, however, is on H2. Ifit is 
to be on the same half-site as Ala 14 then it must be on H2g, which is in 
asAB, not asBC. The current structure is therefore consistent with 
Ala 14 residing on one of the shared half-sites, and Glu69, Asn 72 
and Lys 94 on the other. It is for these that maximum complementation 
was observed. For Glu 76, the experimental data were less convincing*. 

In the previous study*, Asp 95 was shown to influence at least two 
active sites. For purposes of rationalizing this observation we focus on 
asBC and asAB (Supplementary Fig. 13). Asp 95 in H3¢ contacts SHg, 
which bridges two active sites. Its N terminus contributes to asBC, 
whereas its carboxy terminus, which extends into H1,, contributes 
to asAB. Thus, modifying Asp 95 is likely to affect SHg which, in turn, 
will influence both asBC and asAB, consistent with the experimental 
observation’. 

The only other model for DgkA with which to compare our crystal 
structures was determined using solution NMR" and the two are dif- 
ferent (Fig. 4). The biggest disparity relates to domain swapping, which 
is present in the solution but not in the crystal structure. In the former, 
H3 from one subunit contacts H1 and H2 from an adjacent subunit in 
classic domain swapped fashion (Fig. 4a). The active site, in turn, is 
mapped to the space created by H1 and H3 from one subunit and H2 
from another. As a result of these disparate quaternary structures, the 
architecture and chemistry of the active sites in the two models differ 
markedly (Fig. 4 and Supplementary Discussion). Notably, both are 
consistent with the shared sites model but for different reasons. 

From the quality of the diffraction data and the corresponding 
refinement statistics (Supplementary Table 1) it is evident that the 
structures reported here represent what exists in the crystal. We must 
consider then if the crystal structure described is physiological, because 
it is possible for crystal lattice restraints to impose unusual and perhaps 
even unnatural conformations. However, we report here two different 
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Figure 4 | Comparison of the crystal and solution NMR structures of DgkA. 
a, b, A view of the crystal (left) and solution structures (right) from the 
cytoplasm (a) and the membrane (b) plane. c, An expanded view of the putative 
active site region. The five most highly conserved residues and how they 
contribute to a single active site (asBC) in the solution structure are shown 
(right panels), as described previously". In the crystal structure, three of these 
five residues (Glu 69, Asn 72 and Glu 76) contribute to one active site, asBC; two 
(Lys 94 and Asp 95) are in asAB. The surface helix of the solution model, which 
is ill-defined, has been truncated for space reasons. SHg of the crystal structure 
has been trimmed at residue 18 to reveal the active site (asBC). Membrane 
boundaries are on the basis of hydrophobic thickness calculations from the 
PPM server”. 


crystal-packing arrangements and the overall fold of the protein is the 
same in both. Furthermore, we have obtained a crystal structure of 
the enzyme with lipid-substrate-binding sites occupied, modelled ATP 
into the binding site, found that the enzyme is active under crystal- 
lization conditions and after crystal dissolution (Supplementary 
Fig. 14), and have shown that nucleotide and ATP analogue soaking 
cause crystals to dissolve, suggesting an adenine-specific, ligand- 
induced conformational change. All point to a protein with a func- 
tional form in the crystal. The solution structure, by contrast, is a 
low-resolution, composite model that traces only the protein back- 
bone. It was arrived at using connectivity and distance spectroscopic 
and cross-linking measurements, the tolerances of which can be 
considerable’* (Supplementary Discussion, Supplementary Table 2 
and Supplementary Fig. 15). Presumably, long-range distance res- 
traints, as defined by residual dipolar couplings and paramagnetic 
resonance enhancements that have an inherent ambiguity, were used 
to assist in positioning swapped domains in the micellarized trimer. 
Because subunit and atom ambiguity in symmetric homo-oligomeric 
assemblies are complications inherent to structure determination by 
NMR’*”’, the possibility that the solution structure of DgkA is so 
affected cannot be ruled out. 
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DgkA is a unique kinase of which a detailed catalytic mechanism has 
not been established. With the crystal structures reported here, a 
rational testing of hypotheses relating to mechanism can now be 
undertaken. DgkA is probably activated in vivo under hypo-osmotic 
conditions. Activation contributes to enhanced production of the 
osmoregulant, membrane-derived oligosaccharide. The physico- 
chemical properties of membranes change in response to osmotic 
stress. We speculate that the surface helix connected to H1 by a short 
hinge (Fig. 1) acts as a sensor of osmotic stress by responding to bilayer 
thickness and lateral pressure. Given that the surface helix is a part of 
the putative active site, adjustments in its conformation and position 
relative to H1, and to the rest of the trimer as the membrane responds 
to hypo-osmotic stress, will alter active site architecture and lead to 
enhanced kinase activity. 


METHODS SUMMARY 


Procedures for the expression, isolation, purification and functional assay of wild- 
type, A4 and A7 DgkA are described in the Methods. Crystals were grown in glass 
sandwich plates at 4 °C by the in meso method using 7.8 MAG’ as the host lipid. 
Crystals were harvested and snap-cooled directly in liquid nitrogen. 

X-ray diffraction data were collected at beamline 23-ID-B (GM/CA-CAT) of the 
Advanced Photon Source, and the microfocus beamline 124 of the Diamond Light 
Source. Full details of diffraction data collection and processing, and structure 
solution and refinement are given in Supplementary Table 1 and are described 
in the Methods. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Protein. The dgkA wild-type gene and a dgkA mutant gene encoding for a thermo- 
stable quadruple mutant A4 DgkA (Ile53Cys, Ie70Leu, Met96Leu and Vall107Asp)* 
were synthesized (Genescript) and cloned into pTrcHisB using Ncol and EcoRI 
restriction enzyme sites. A septuple variant, A7 DgkA (Ala41Cys, Cys46Ala, 
Tle53Val, Ile70Leu, Met96Leu, Vall07Asp, Cys113Ala) was generated using PCR- 
based site-directed mutagenesis and verified by DNA sequencing. 

DgkA native proteins were produced as described”! with an additional size- 

exclusion chromatography step. Se-Met labelling of A7 DgkA was performed 
following an established protocol using the methionine auxotroph B893(DE3) 
strain in M9 minimal media supplemented with Se-Met”’. Selenium incorporation 
into DgkA proteins was verified by mass spectrometry. 
Enzyme assays. For the stability assay of DgkA proteins, a coupled assay was used 
to monitor kinase activity. The consumption of ATP in the phosphorylation of 
monoolein was coupled through the sequential action of pyruvate kinase and 
lactate dehydrogenase to the oxidation of NADH monitored by a change in 
absorbance (A) at 340 nm, as described*". The assay mix contained 21 mM decyl- 
maltoside, 7.2 mM monooolein (as substrate), 1.7 mM cardiolipin, 0.1 mM EGTA, 
0.1mM EDTA, 1 mM phosphenolpyruvate, 3 mM ATP, 15 mM magnesium acet- 
ate, 50 mM LiCl, 0.2 mM dithiothreitol (DTT), 0.3 mM NADH, 20 U ml | each of 
pyruvate kinase and lactate dehydrogenase, 75 mM PIPES, pH 6.9. The assays were 
run at 0.25 ug DgkA protein per millilitre in 384-well plates. 

To assay A7 DgkA activity under crystallization conditions, 20 1] mesophase, 
formed by mixing 10 il DgkA solution (12 mg ml‘), and 10 mg 7.8 MAG, was 
bathed in 1 ml crystallization precipitant (4.5% (v/v) 2-methyl-2,4-pentanediol 
(MPD), 0.1 M sodium chloride, 60 mM magnesium acetate, 50 mM sodium cit- 
rate, pH_ 5.6) supplemented with 10 mM ATP. After incubating at 4 °C for 0, 0.5, 1, 
2,3, 5 and 10h, 3 pl of the bathing solution was removed and transferred to 60 pil 
ADP assay mix (0.2 mM NADH, 1 mM phosphenolpyruvate, 15 mM magnesium 
chloride, 20U ml‘ each of pyruvate kinase and lactate dehydrogenase, 75 mM 
PIPES, pH 6.9) in a 384-well plate. After incubation for 10 min at 30 °C, the drop in 
A340 nm Of the well contents was used to calculate activity. Control measurements 
were made using protein-free buffer. Assays were run in triplicate. 
Crystallization. In meso crystallization trials began with the reconstitution of the 
protein into the bilayer of the lipidic cubic mesophase. This was done following a 
standard protocol”. The protein solution at 12 mgml~' was homogenized with 
7.8 MAG in equal parts by volume using a coupled syringe device at room tem- 
perature (20-22 °C). Crystallization trials were set up by transferring 50 nl of the 
protein/lipid cubic mesophase onto a silanized 96-well glass crystallization plate, 
which was subsequently covered with 800 nl precipitant solution using in meso 
robots”. Wells were sealed with a glass coverslide. The glass sandwich plates were 
stored in a walk-in refrigerator at 4-6 °C for crystal growth. Crystallization pro- 
gress was monitored using normal and cross-polarized light microscopy (Eclipse E 
400 Pol, Nikon) at 4-6 °C. Precipitant solutions consisted of 4-6% (v/v) MPD, 
0.1M sodium chloride, 0.1 M lithium nitrate, 60mM magnesium acetate, and 
50mM sodium citrate, pH 5.6 for wild-type and A4 DgkA. Lithium nitrate was 
not used for A7 DgkA crystallization. Bipyramid shaped crystals grew to a maxi- 
mum size of 50 X 50 X 50 m® and 50 X 75 X 100 um? in 45-60 days for wild- 
type and A4 DgkA, respectively. For A7 DgkA, rectangular crystals grew to a 
maximum size of 10X50 150,m* in 45-60days (Supplementary Fig. 9). 
Wells were opened with a tungsten-carbide glass cutter (Silverline) and the crystals 
were harvested using 30-100 1m micromounts (MiTeGen) at 4-6 °C. Crystals 
were snap-cooled directly in liquid nitrogen’. 

Crystal soaking in situ was carried out by cutting a window in the coverglass of 

the in meso crystallization sandwich plate and injecting through it a solution 
containing nucleotide, nucleotide analogue or glutaraldehyde into the precipitant 
solution bathing the mesophase. When a second soaking was required excess 
bathing solution was wicked away with tissue paper”, fresh solution with or 
without additive was added through the window, and the well was sealed with 
ClearSeal film (Hampton). Crystals were harvested as described above. 
Data collection and processing. X-ray diffraction data were collected on the 23- 
ID-B beamline of the General Medicine and Cancer Institutes Collaborative 
Access Team (GM/CA-CAT) at the Advanced Photon Source (APS), Argonne, 
Illinois, and the 124 beamline at the Diamond Light Source (DLS), Didcot, Oxford. 
Data were collected using a 10-j1m collimated minibeam at the GM/CA-CAT*, 
whereas a 10-j1m microfocus beam was used at the DLS**. Diffraction images taken 
with a tenfold attenuated beam were used to locate and centre on highly ordered 
regions of the crystal”. For the high-resolution data set collected on crystals of A7 
DgkA, the data reduction strategy involved combining a complete low-resolution 
(3.0 A) data set recorded from a single crystal with 18 high-resolution 10° wedges 
of data collected from multiple crystals. 

Data were reduced with xia2 (ref. 36) using XDS*’”, XSCALE and SCALA*. 
Optimum data wedges were identified by data quality and isomorphic unit cell 
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parameters. These data were scaled in XSCALE and merged in SCALA (Sup- 
plementary Table 1). Similarly, a 200-fold redundant anomalous Se-Met data 
set to 3.0 A resolution was obtained by merging 19 data sets. Complete data sets 
for A4 DgkA and wild type were obtained from single crystals that were reduced 
with xia2 as outlined above. 

Structure solution and refinement. Molecular replacement with the published 
NMR model" as a template failed to provide a solution. Wide-search molecular 
replacement*’ against every known protein fold, and BALBES”, also failed to 
provide a solution. The structure of A7 DgkA was determined by SAD phasing 
using the anomalous contributions of the Se-Met derivative*'. Seventeen potential 
selenium sites were identified and refined with SHELX CDE”, yielding a pseudo- 
free correlation coefficient of 65%. Phases were extended to the native 2.05 A data 
set using Phenix**. The initial model was built with Phenix.autobuild and yielded 
an initial model of 440 residues that gave an Ryee value of 0.35. It was evident 
that the asymmetric unit contained two trimers of DgkA. The final structure was 
attained by iterative model building in Coot and refinement with Phenix.refine®. 
Optimal weights between X-ray target and stereochemistry were assigned auto- 
matically in Phenix.refine. Density modification and solvent flattening were recal- 
culated on a regular basis until the maps showed minimal improvements. Se-Met 
phases were included throughout most of the refinement but were then excluded 
for the final rounds of refinement owing to marginal anisotropy between the Se- 
Met and native data. Non-crystallographic symmetry (NCS) restraints were not 
used as the polypeptide chains varied to a reasonable extent within the asymmetric 
unit. TLS (translation/libration/screw) groups were used in the latter stages of 
refinement, two groups per chain, as identified using the TLSMD server”. 

Initial phases for A4 DgkA were obtained by molecular replacement as per- 
formed by the program Phaser** using the more complete trimer of the A7 DgkA 
model (chains A-C). In subsequent cycles of iterative model building and refine- 
ment the programs Coot and O (ref. 47) were used for model building, whereas the 
programs Buster** and Phenix were used for refinement in the initial and later 
stages, respectively. Refinement in Buster was performed with automatic NCS 
determination, whereas NCS was not used for refinement in Phenix. Four TLS 
groups per chain were generated using the TLSMD web server and used by both 
refinement programs. 

Initial phases for wild-type DgkA were obtained as above for A4 DgkA using the 
A4 DgkA model. The program Coot was used for model building, and the program 
Phenix was used for refinement. NCS was used throughout the refinement. TLS 
groups (nine for chain A, four for chain B, and two for chain C) were generated 
using Phenix and were used throughout the refinement. 
Lipid, crystallization reagents and unassigned density. Electron density for a 
total of 13 lipid molecules (both enantiomers of 7.8 1-MAG) were identified in a 
composite omit 2F, — F. map of A7 DgkA. Acetate and citrate molecules were 
similarly identified and modelled in the electron density map. Tentatively mod- 
elled lipid and solvent molecules were removed if no clear hydrogen bonding was 
present and/or the model was not justified by the electron density. 
Zinc. The location ofa single metal ion in the asymmetric unit was determined in a 
F, — F. map of A7 DgkA. The ion identity was confirmed by X-ray fluorescence 
spectroscopy of crystals and an anomalous difference map generated from X-ray 
diffraction data collected at the zinc edge (9.6767 keV; Supplementary Table 1 and 
Supplementary Fig. 11). 
Water. In the A7 DgkA model, water molecules were assigned based on sigma-A- 
weighted 2F, — F. electron density maps contoured at 1o using standard geomet- 
rical and chemical restraints, for a total of 188 water molecules per asymmetric unit. 
Electrostatics. The electrostatic surface potentials for DgkA were calculated using 
the Advanced Poisson-Boltzmann Solver (APBS) plugin, as implemented in 
PyMol, using default parameters”. 
Docking. ATP is ~20A long, equalling the distance between the cytosolic loop 
and the primary hydroxyl of the putative lipid substrate in A7 DgkA. ATP with 
varying «/B/y-phosphate protonation was docked into energy minimized A7 
DgkA (Lys 12 unprotonated, Mg** coordinated to Asn72 and Glu 76) using 
LibDock”. Poses with the highest LibDock scores were energy minimized to zero 
energy over 2,000 steps using the Smart minimizer with a Generalized Born with 
Molecular Volume implicit solvent model (Discovery Studio 3.5, Accelrys). The 
optimum pose was selected based on coordination with the cytosolic loop, lipid 
substrate, Mg**, and putative active site residues, Lys 12 and Lys 94. 

Protein figures were generated and rendered in PYMOL. 
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Here, there and everywhere 


Scientists often criss-cross the globe in pursuit of their careers. The practice can be 


rewarding — and taxing. 
BY NEIL SAVAGE 


younger. He grew up in Syracuse, New 

York, and in 1978 moved to Cambridge to 
attend the Massachusetts Institute of Technol- 
ogy (MIT), then Harvard University. By then, he 
had been to California twice and Mexico once, 
and pretty much nowhere else. But as a gradu- 
ate student studying physics, he began work 
on a project at Fermilab near Batavia, Illinois, 
which required stays of six to nine months in the 
Chicago area. Asa postdoc, he joined the Mono- 
pole Astrophysics and Cosmic Ray Observatory 
at Gran Sasso National Laboratory in Abruzzo, 
Italy, and had to go there five or six times a year. 
“That sort of got me geared up for international 
travel being part of my work,’ he says. 


E: Kearns did not travel much when he was 


In 1996, Kearns joined the Super- Kamio- 
kande experiment, in which equipment in an 
old zinc and lead mine under Mount Kamioka 
near Hida, Japan, searches for the by-products 
of proton decay. That meant regular trips 
between Boston, Abruzzo and Hida. Now, 
Kearns is a professor at Boston University, 
studying neutrino physics and particle astro- 
physics. The trips to Italy have tapered off, but 
he continues to travel to Japan five times a year, 
usually for about ten days. 

Travel is a given in his field. Many particle 
physicists teach at universities, but lots of the 
big research projects are international collabo- 
rations built in tunnels and abandoned mines, 
which require huge financial investments and 
so cannot be done at researchers’ home institu- 
tions. “I can count on my hand the number of 
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places in the world where this sort of science 
can be done,’ says Kearns. “You sort of have to 
go where the action is” 

Scientists in both academia and business find 
themselves hopping between time zones and 
learning to feel at home on two or more conti- 
nents. They are driven by research interests, per- 
sonal desire and the demands ofan increasingly 
interconnected world. Navigating these posts 
requires deft multitasking, a love of travel and 
careful coordination with colleagues and family. 

Some tackle different aspects of their 
research in different locations. Johannes 
Lercher works on the fundamental under- 
standing of catalysis as a chemist at the Techni- 
cal University of Munich (TUM) in Germany. 
But he is also director of the Institute for Inte- 
grated Catalysis at the Pacific Northwest > 
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> National Laboratory (PNNL) in Richland, 
Washington, where he explores catalysis as a 
means of turning biomass into fuel. The TUM 
group grounds him in basic theory, whereas 
the PNNL team specializes in an application 
and is well stocked with expensive imaging 
equipment. “It broadens your horizons. You 
can do things you cannot do ina single loca- 
tion,” says Lercher. “The difference in attention 
between an educational, academic institution 
and a national lab is very stimulating.” 


FAR AND AWAY 

Software developer Julian Cerruti says that hav- 
ing bases in two countries gives him a global 
perspective. “It keeps what I do on an inter- 
national level,” says Cerruti, who moved from 
Argentina to San Francisco, California, in 2004 
to take a job with IBM Research before return- 
ing to his native country a few years later. For the 
next five years, he travelled regularly between 
the two; last autumn he started his own soft- 
ware development firm, Creativa 77 in Buenos 
Aires, but he still makes trips to San Francisco to 
work with a client. An international perspective 
is important, he says, when the microchips that 
will run his software might be designed in Japan, 
and the computer-memory technology might 
come from Germany. 
He also thinks that 
it distinguishes his 
business from others 
in Argentina. “A vast 
majority of the work 
that is done here is for 
local consumption,” 
he says. 

Cerruti has turned 
his experience in 
remote working to 
his advantage. He 
says that it is less 
common to move to 
a new city for work 
in Argentina than in 
the United States. By allowing his employees to 
work remotely, he has attracted a wide pool of 
talented individuals who can stay in their home 
towns. And trekking to California has its perks 
when it comes to scheduling meetings and mak- 
ing contacts. “I think the rule of thumb is that 
the person who lives farthest has the highest pri- 
ority in the calendar,’ he explains. He has started 
an online forum (http://remotework.forumatic. 
com) for people to discuss the ins and outs of 
living in one place and working elsewhere. 

Globetrotters must be easily accessible to 
colleagues and family members. There is a 
growing range of online tools to keep people 
connected: Dropbox or Basecamp for sharing 
files; Skype, Google Hangouts, FaceTime and 
other video-conferencing tools for talking; and 
e-mail. “If Skype didn't exist, we'd all be dead 
or in debt; jokes Gabriella Sciolla, a physicist 
at Brandeis University in Waltham, Massa- 
chusetts, who works on the ATLAS detector 


“If Skype didn’t 
exist, we’d all be 
dead or in debt.” 
Gabriella Sciolla 
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at CERN, Europe’s particle- physics lab near 
Geneva, Switzerland. 

But in conventional working, much collabo- 
ration comes during impromptu conversations 
in hallways, or from free-ranging discussions 
over coffee. The structured and time-limited 
format of conference calls is not really condu- 
cive to creativity, says Carlo Ratti, who runs 
the SENSEable City Laboratory at MIT, which 
studies how digital technology affects urban 
centres around the world. And others agree 
that social interactions are key for creating 
bonds between collaborators. So despite the 
many ways of communicating virtually, travel 
continues to be important. 

Being physically present makes people feel 
that they are actual contributors to a project. 
And sometimes it is easier to explain things 
when you can pick up an object or make a 
quick scribble on a napkin, says Cerruti. “Hav- 
ing the high bandwidth you can have when 
you're in person is very useful.” 

Even the team behind Skype does not 
attempt to do all its work over the Internet. 
“There’s still no substitute for having dinner 
with somebody and actually shaking hands 
instead of waving at them over a video link,” 
says Eric Brown, general manager for inte- 
grated communications at Skype. He travels 
between his main office in Palo Alto, Califor- 
nia, and the headquarters of company owner 
Microsoft in Redmond, Washington; he also 
goes regularly to London, where the product 
development team is based, and to New York 
to meet some of his team members. He says 
that experience of using Skype while travelling 
helps developers to improve their product. 


HOMEWARD BOUND 
The itinerant lifestyle intensifies the work- 
family balancing act that many researchers 
already face. Lercher says that he would not 
have done it before his children had left home. 
If his wife decides that she is tired of his trav- 
elling, he will stop. “Family is a very impor- 
tant factor in this,” he says. Cerruti returned 
to Argentina so that his children could grow 
up near his then-wife's family, but travelled to 
California for work. “T originally started doing 
that as a matter of policy, to make sure that they 
didn’t forget about me,” he says. 

Accommodating family can require major 
coordination. Sciolla and her husband, Harvard 
physicist Masahiro Morii, are both involved in 
ATLAS. They are supposed to attend the same 
meetings, but have to take turns so that one 
can stay home and take care of their children. 
Sciolla got her PhD at the University of Turin 
in Italy; Morii earned his at the University of 
Tokyo. The two met as postdocs at the SLAC 
National Accelerator Laboratory in Menlo 
Park, California, and they are now settled in 
Boston, with regular trips to Geneva. 

To balance her travel with her teaching, 
Sciolla mainly goes abroad during school 
breaks. For a non-American, the Thanksgiving 
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holiday is an ideal 
time to go to Europe, 
she says. She will also 
travel during exams: 
someone else can 
supervise them, and 
she marks them when 
she returns. Kearns, 
too, says that it is very 
important to him 
not to miss classes; 
instead, he misses 


“Working out on a lot of week- 
abroad keeps ends. Both Sciolla and 
what Ido onan Kearns sometimes 
international double the number of 
level.” classes that they teach 


Julian Cerruti in one semester, in 
exchange for having 
another semester free to travel. And Kearns is 
willing to cut his trips short to attend gradua- 
tion at Boston, where strong faculty attendance 
is expected. Keeping various colleagues happy 
requires a lot of organization, the travellers say. 

That goes for mentoring as well, although it 
depends on the protégé. A fair bit of managing 
or supervising can be done remotely, as long as 
everyone keeps in frequent contact. “As each 
student is a person with their own strengths 
and weaknesses, there is no single recipe,” says 
Kearns. “Some do quite well being left alone, 
others require frequent course correction.” 

Lercher handles his two workloads — “the 
joke is I have two full-time jobs but I only get 
half pay at both” — by giving up administrative 
duties such as committee work. When Sciolla 
is on campus, she volunteers for the commit- 
tees that require lots of work, to compensate 
for the time that she is away. 

They all experience the vagaries of travel. 
Brown complains of the poor quality of aero- 
plane and hotel Internet connections, but Ratti 
finds it helpful to be cut off from e-mail so 
that he can concentrate on other tasks. Cerutti 
knows which security gate at the Dallas/Fort 
Worth airport in Texas is the quickest (it’s the 
one on the left), and that if the flight from Bra- 
zil arrives early, he will be stuck in customs for 
an hour anda half. At CERN, “you catch every 
single bug from everywhere in the world’, says 
Sciolla. “They all come to Geneva.” 

The rewards go beyond professional stimu- 
lation and networking. Kearns has learned to 
appreciate the small differences between places 
— the music that is played in Hida at 7 p.m. 
every night, and the time of evening when eve- 
ryone in Gran Sasso walks up and down the 
street conversing with each other. He wishes that 
more scientists would work in far-away places 
to reap the benefits. “The opportunity to do 
research has not only expanded their horizons 
in sciences,’ says Kearns, “but also expanded 
their horizons as citizens of the world” m 


Neil Savage is a freelance writer based in 
Lowell, Massachusetts. 


TURNING POINT 


Joanna Wysocka 


A Polish-born stem-cell biologist at Stanford 
University in California, Joanna Wysocka 
won the Vilcek Prize for Creative Promise 

in Biomedical Science on 1 April. The prize 
recognizes immigrant scientists who have 
made a contribution to US society. 


Why did you come to the United States? 

When I was still at university, I got a volunteer 
position working for a summer at Cold Spring 
Harbor Laboratory in New York while visiting 
my then boyfriend (now husband). I worked 
with different researchers, and Winship Herr, 
a molecular biologist working on gene regula- 
tion, invited me to come back for a PhD. 


What was the defining moment of your PhD? 
My research led me to work on chromatin, 
the DNA and proteins that make up chromo- 
somes. It was an exciting time because related 
enzymes were being purified and published 
every few weeks. I decided to do a postdoc 
with David Allis, a biologist at the Rockefeller 
University in New York, after seeing him give 
an exciting talk on chromatin. 


How did that affect your career? 

David has never lost his childlike drive for 
doing science. His career path reinforced my 
idea that you should do what is interesting 
to you, no matter what others think. He was 
working on modifiers of the chromatin com- 
ponent histone at a time when most people 
would have considered them boring struc- 
tural proteins. But his discoveries opened up 
the field of chromatin regulation. 


How did you make a name for yourself? 

As a postdoc, I discovered that a structural 
fold found in human proteins, called a PHD 
finger, can interpret modifications of histones. 
Since then, hundreds of papers have been pub- 
lished on PHD fingers that recognize differ- 
ent histone modifications — shedding light 
on everything from basic biology to diseases. 


Why did you decide to work on stem cells? 
When I started my assistant professorship 
at Stanford in 2006, a lot of my colleagues 
anticipated that I would continue my post- 
doc work. But I wanted to understand how 
functional complexity arises from a single 
set of instructions: the genome. That means 
understanding development, and stem-cell 
models offered a way to do that. 


Was that a daunting move? 
It was risky. It took three years to publish 


the first papers, and my start-up money was 
almost spent. But having those start-up funds 
made ita perfect time to try high-risk projects. 
If [had followed up on my postdoc work, I 
probably would have published faster, but I 
have no regrets. I'm glad I had that freedom. 


What motivates you? 

I’m addicted to discovery. There is this 
moment when we get a glimpse of an inter- 
esting result, when we don’t understand what 
is going on. I live for those moments. 


Do you do anything to hone your creativity? 
Yes, it is important to me. I make a conscious 
effort to do the most interesting next experi- 
ment, not the obvious one. I also make an 
effort to hire people with backgrounds 
including cell biology, development, bio- 
chemistry, physics and structural biology to 
foster a creative environment. 


What is the most important lesson you have 
learned about running a lab? 

When I started, I didn’t know how to main- 
tain an appropriate distance from my students 
to be an effective leader. But I realized that 
students need guidance more than a friend. 


What is it like to get the Vilcek award? 

It’s fantastic because the prize is for immi- 
grants. I received it around the time that I 
was awarded tenure, so it has been a time of 
reflection. We are always caught up in the next 
paper or grant, but the award made me step 
back and think that I came here 15 years ago 
with a single suitcase, got tenure at Stanford 
and made a career in my adopted country, 
which has been very generous to me. = 


INTERVIEW BY VIRGINIA GEWIN 
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OUTREACH 


Science advocate post 


Two US bills introduced on 8 May, one 
in the Senate and one in the House of 
Representatives, would create a national 
post to promote science education and 
scientific achievement. The Science 
Laureate would be a working researcher 
who would talk to citizens about science’s 
crucial role in the economy and the need 
for financial support, says Nathan Click, 
a spokesman for Senator Mazie Hirono 
(Democrat, Hawaii), who is a co-sponsor 
of the Senate bill. “If the public begins to 
value basic research, that percolates up 

to lawmakers,’ says Click. The laureate 
would also present highlights from his 

or her own work to inspire young people 
to pursue science degrees. “We want to 
get students and communities energized 
about cutting-edge research and give 
them role models,” says Click. 


CONNECTIONS 
Network for success 


Early-career researchers and entrepreneurs 
benefit from strong online social networks, 
finds a study published earlier this month. 
Peter Gloor, who studies innovation at the 
Massachusetts Institute of Technology in 
Cambridge, and his colleagues analysed the 
LinkedIn, Facebook and e-mail networks 
of thousands of US and Swiss researchers 
and entrepreneurs (P. A. Gloor et al. Int. 

J. Organ. Des. Eng. 3, 67-85; 2013). Those 
with extended networks that included 
contacts who were eminent in their 

fields were most successful according to 
measures such as publications, grants and 
venture funding. “Networking is crucial,” 
concludes Gloor. 


GENDER 


Credit check 


Women who collaborate with men on 
managerial activities undervalue their 
own roles, says a study released on 7 May 
(M. C. Haynes and M. E. Heilman Pers. 
Soc. Psych. Bull. http://doi.org/mh8; 2013). 
Researchers got 330 students to perform 
tasks such as making staffing decisions 
with a simulated partner. Women generally 
gave male but not female partners more 
credit than they gave themselves — unless 
they were told that their own work was 
crucial or well executed. Women who 
devalue their contributions could be 
unlikely to seek out roles such as lead 
investigator on a large collaboration, says 
co-author Michelle Haynes, a psychologist 
at the University of Massachusetts Lowell. 
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Ua SCIENCE FICTION 


AN ALIEN NAMED TIM 


BY MICHAEL HAYNES 


23:00 ship’s time 
“Mwahahahaha!” The stowaway alien — 
Tim, as he frequently reminded us — let out 
an evil laugh. An odd action, considering he 
was bound to a table with the ship’s supply 
of nanorope. 

I glanced at the captain, Bob. He glanced 
back at me. We both glanced at Tim. 

“What?” Tim asked. “Is this not the victory 
laugh of the evil genius?” 

“Yes.” Bob said. 

“Loosed when the evil genius has his 
enemies right where he wants them?” 

“Quite; I said. 

“Mwahahahaha!” 

“Shouldn't that be our line?” Bob asked. 


30 minutes earlier 

The cargo-hold door was rattling. As this, 
generally, was not a good thing, Bob sent me 
to check it out. 

We weren't armed; the trade routes had 
been peaceful for decades. The biggest risk to 
cargo haulers was catching something from 
one of the alien women at the waystations. A 
raygun wasn't much good against that sort 
of trouble. 

I grabbed the longest screwdriver from the 
repair kit and went back towards the hold. 
Maybe there was just a screw loose. 

I keyed in the door combination. It swung 
open and an alien sprang into the cabin. 

“Freedom!” it yelled. 

“What are you doing here?” 

The alien shrugged. “I’m going to steal 
your ship, hijack your cargo, take it to my 
homeworld, and thereby use it to launch an 
invasion of your worlds.’ 

“You're going to invade our worlds?” 

“Uh-huh!” 

“With processed soycheese and Antarean 
toe-fungus remover?” 

The furry little thing just smiled at me. 

“Seriously?” 

“Have you ever mixed them together and 
let them ferment for one of your weeks?” 

I hadn't. “Okay, fine. Let’s say you could 
do that.” I made a mental note to suggest to 
Interstellar that we not haul these products 
together again. “You said you were going to 
steal our ship. You and what army?” 

“No army. Just Tim? 

“Tim?” 

The alien smiled again and pointed at 
himself. 

“Everything okay back there?” Bob yelled. 
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The enemy within. 


“Stowaway, I replied. Bob groaned. I knew 
why; he was thinking of all the paperwork. 

“Ts ita cute girl?” Bob asked. 

“No. It’s an ugly —” 

“Hey!” 

“— little alien. Green, furry. A bit smelly 
too.” 

“You try hanging out in a cargo bay with 
Antarean toe-fungus remover and tell me 
how you smell!” 

“Fine; Bob said. “Throw it out the airlock” 

I made a grab for Tim, who dodged my 
reach. 

“T wouldnt advise this, Tim said. 

“Why not?” I asked, lunging ineffectively. 

“Tve told you my intentions. That makes 
me an enemy combatant, so I’m entitled to 
a hearing by the Tribunal on Interspecies 
Conflict?” 

My third try at snagging Tim was a success. 

“That's a good point,’ I said. “Except for 
one thing” I marched him towards the air- 
lock. “Who’s going to tell anyone that you 
didn’t get your hearing?” 

Tim squirmed, making it hard to key in 
the airlock code. 

“My superiors know,’ Tim said as the door 
slid open and I tossed him into the airlock. 

“Tm sure they'll be anxious to talk about 
their failed attack” 

I began to enter the digits to close the door 
and cycle the airlock. 

“Wait!” 

Iheld my finger over the last button. “Yes?” 

Tim stood, head hung. “What if Tim gave 
you the method for creating the toxic chemi- 
cal from soycheese and fungus remover?” 

Ihesitated. This was out of my usual baili- 
wick. I also didn’t want to learn some time 
that millions had died from a soycheese-anti- 
fungal attack that I could’ve helped prevent. 


“You'll give that to 
> NATURE.COM me?” 
Follow Futures: Tim shook his head. 
WY @NatureFutures Ireached for the num- 


Ei go.naturecom/mtoodm ber pad again. “I'll give 
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it to your bosses,” he yelled, “when we get to 
your destination” 

I retrieved him from the airlock and he 
went without a fight. I wouldn't fight, either, 
if someone was taking me out of an airlock 
rather than stuffing me into one. 

I explained the situation to Bob. 

“What'll we do with him until we get to 
Tyrena?” Bob asked. 

“You could put me in the hold,” Tim said. 

“With the raw materials?” Bob said. “I 
don't think so” 

“You have nanorope?” 

“Naturally,” I said. We used it to stow any- 
thing that needed to be tied down. The built- 
in nanobots made it indestructible unless cut 
with the matching knife. Bob nodded and 
soon I had Tim bound to our dining table. 

Everything was quiet for a few minutes 
until Tim started his evil laugh. 


23:15 ship’s time 

“T think our friend has a screw loose,” Bob 
muttered. Tim was still cackling from the 
table; if his plan was to annoy us to death, he 
had a good start. 

I went to grab a snack. As I got halfway 
across the cabin, the ship shuddered, knock- 
ing me down. Alarms wailed. 

“What the hell?” Bob growled. 

“Mwahahahaha!” 

I looked at Tim. He was sitting up, bits of 
nanorope strewn around him. 

“Sorry. Tim lied. Sort of? 

The ship lurched again and I could feel it 
accelerating. 

“What are you talking about?” I asked. 

“Tim said he had no army. It was true 
then. But not now” 

I looked again at the bits of nanorope — 
well, just bits of rope, now. The ship’s engines 
whined, straining at the demand placed on 
them by the nanobots now under Tim's com- 
mand. Bob stood beside me, fists clenched. 

“Give us back control of our ship!” 

Tim shook his head and laughed again. He 
brushed aside what was left of the rope and 
stood up. 

“T would throw you out the airlock,’ he said, 
“but you're too big for me and way too big for 
my nano-minions. But my people will give 
you a warm welcome on our homeworld” 

He strolled past us, sat in the captain's chair 
and grinned at the now-useless control panel. 

“Mwahahahaha!” » 


Michael Haynes is a database administrator, 
writer, reader, movie watcher and hockey fan. 


JACEY 


